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" The results of an analytical and experimental study
of the heat transfer from the normal impingement of com-
pressible, turbulent jets are presented. A technique for
calculating heat flux distributions in the impingement
region has been developed, and the calculated results are
compared with the measured experimental data. The theory
for heat transfer from uniform impinging flows has been
adapted to calculate heat fluxes in the stagnation area
of an impinging jet, and a solution of the integral momen-
tum boundary layer eguation has been used for the calcula-
tion of heat fluxes in the remainder of the impingement

‘region. The solution is general enough so that compressible
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flows with variable wall surface temperatures can be treated.
The static pressure distribution and boundary layer thick-
ness in the impingement region have also been calculated.
Calculated heat flux and static pressure distributions agree
well with the experimental data of the present study.

. Since knowledge of the free jet vélocity and temperé—
ture variation is needed for the impingement region calcu-
lations, and since no general computational techniques were
available for free jet calculations, a finite difference
technique has been developed to obtain a general solution
which eliminates the need for the simplifying assumptions
required in previous investigations. The jet Mach number
and jet temperature ratio have been found to be the only
two initial jet properties which are necessary to charac-
terize the dimensionless velocity and temperature variation
in the free jet. Modifications of "dynimic eddy transfer
coefficients” given in the literature are used in this free
jet solution. The numerical solutions of the turbulent,
free jet conservation equations have been found to agree
well with experimental data of the present study and those
of previous investigations.

- An experimental program was carried out to obtain data
on the free jet velocity and temperature variation, on the

“impingement region heat flux and static pressure distribu-

tions, and on the wall Jjet velocity and temperature variation,
as few data had been obtained in these areas by prev1ous in-
vestlgators.
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HEAT AND MOMENTUM TRANSFER
FROM COMPRESSIBLE TURBULENT JETS OF HOT AIR

IMPINGING NORMALLY ON A SURFACE

1. INTRODUCTION

1.1 GENERAL

A good éalculational method for estimating the im-
éingement'region heat flux to the surface upon which a.jet
of ﬁot<or cold gas impinges is-greatly needed since jets
are used in many heat transfer applications to provide high
‘ﬁeat fluxes, 'The use of jets is attractive ‘because the? ar
10§ in cost and eaéy to control. Applications of impinging
sjets include their use in paper dryiné, tempering of glass,
heating metal ingots, and annealing non-ferrous sheet

metals. Jets are also irportant in aerospace technology,

~and methods for accurately predicting the characteristics

of both freé and impinging jets are needed for such appli-
cations as the testing of heat shield materials, the con-
tacting of gas streams for the purpose of energy, momentum,

or mass exchange, and calculation of the region occupied

e
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by jet or rocket exhausts, ‘While some research has been
done on the prediction of heat fluxes from low temperature,
low speed, impinging jets, almost no work has been done on
the estimagion,of heat fluxes from high temperature, com-
pressible jets. Methods of calculating heat fluxes from
impinging jets ﬁave suffered from the lack of a good gen-
eral calculational technique for descfibing compressible
free jetvcharacteristics. Therefore, any analysis'of the
compréssibie impinging jet must include a gooa‘computa-
tional method for predicting velocity and tempe;éture dis-
tributions in coﬁprGSSible free jets.

In the impinging jet flow considered here, the flow
froﬁ the cylindrical nozzle impinges normally on the flat
plate. This is shown scbematicéliy in Figurell; the nomen-—

- clature is listed in Appendix 9.1; The flow field can be
considered as coﬁsistingrof thrge ;eparate fiow regions --—

-

the. free jet region, the impingement region, and the wall

jet region.

_ The free jet region is the region where the flat‘pléte

"’ “.tw‘n P

has no disturbing effect on the flow. 1In the free jet

L)

region, the static pressure is, for subsonic jets, very

nearly equal to the ambient pressure (1)*; The second

*The numbers in parénthescs indicate references in the
Bibliography.
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flow region is the impingement region. 1In thiérregion, the
flow properties are determined primarily by_the direct
interaction of the jet and the flat plate. The impinge-
ment region is a region where the static pressure is
greater than the ambient pressure and where ihe flow
direction ch;ngés rapidly. Wwhen the flow streamlines are
approximately pafallel to the surface of the flat plate
and the static pressure is again very nearly equal to the
ambient pressure, the flow ha§ entered the wall jet ;;gion.
In this region the flow is essentially that of a radial
wall jet._ Thus an impinging jet may be considered to be
a free jet #rgnsforming into a wall je£ in the impingement
region. |
1.2 RESEARCH OBJECTIVES

The primary objective of theréfesent study was to
'develop ; palculational method for the prediction qf im-~
Pingement region heat transfer from high temperature, tur-
bulent, impinging jets., In order to achieve this objective,
it was necessary to determine the velocity ana temperature
variation of coﬁpreséible freevjets. Therefore, a second
objective was to develop a calculational technique for a
simple yet very general solution to the boundary layer

conservation eguations for a compressible, turbulent, free

T TR T R TR
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jet, A thirxd 6bjective was to design and build the-equipw
ment for an extensive experimental study of compfessible
impinging jets of high temperature and Mach number and to
oﬁtain the experimental data required to evalﬁate thé re-
- sults of the ana}ysis. In addition, experimental. data
were to be taken on the velociﬁy and température varia-

tion in the wall jet regioﬁ.
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2. THE FREE JET REGION ANMALYSIS

2,1 INTRODUCTION
In order to predict heat fluxes in the impingement
region of a compressible, axially symmetric, turbulent im-

pinging jet, it was necessary to first develop a good,

Vgeneral'solution for velocity and temperature variation

" in the free jet. This free jet solution was then used as

a starting point for the analysis of the impingement region.

A computational technique, based on finite difference

:solﬁtions of the boundary layer forms of the momentum and

energy conservation equations, was developed to calculate

" both the axial velocity and temperatufe decay and the radial

variation of velocity and temperature. It is of a more

general form than those obtained previously, and its use

" can be extended to a variety of boundary conditions differ-

ent than the ones which were apblicable in the present work.

Good égfeement between the calculated results and experi-
mental data from previous investigations as well as the
preseﬁt one has been obtained.

The structure of the compressible, axially symmetric
free jet can be described in terms of three flow regions

(see Figure 2). The potential core region extends to the
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point where the turbulent mixing region reaches the jet

axis. This region is, of course, not necessarily identical

- for velocity and température. The next region is a transi-

tion region where the spread of the jet in the radial direc-

tion and the axial decay of the center-line properties are

very rapid., This is followed by the fully developed region
where the fadial spre&d of the jet is nearly linear with
resﬁect to axial distance. The greater the compr?ssiﬁle
'effe;ts,.the greater is the deviation from linearity;

' There are many problems which arise in connection with

_ any numerical approach to the problem of solving for tem~

perature and velocity as a function of position in the
compressible frée‘jet. One is the non-existence of simila-
rity (2) in the profiles (as distinct from the case for in-
compressible flow) . Thé modelvmust also take into acéouht
-the fact that the free jet only bécomes fully-developéd a
certain number of nozzle diameters downstréam from the
nozzle. Therefofé, a complété tfeatment must include the
potential core regionrand the transition region, as well as
the fully devéloped portion éf the jet. The boundary con-
ditions are also a source of difficulty. These include

the prescribed conditions at the nozzle (i.e. flat or other

types of profiles) and the conditions at an infinite radial

B E RS S S S s
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distance (i.é. whether the jet is exhausting into a moving
-gas stream or into quiescent sprroundings).

Because of these problems, most of tﬁe available calcu-
1ationa1 techniques have had to make use of various simpli-
fying assumpfions which has limited their usefulness. Much
of thg work has been restricted to the problem ofraxial velo-

city and temperature decay, while the‘question of the radial

yariation of these quantities has not been dealt with exten-

sively. Another limitation in previous work has been that,
even when non-isothermal systems were being studied, the
}énge of temperatures used in the experimental studies was
usually too small to bring out variations in the eddy-trans-
fer coefficients with density. It was the intent of the
'preseh£ study to overcome some of these limitations.' 7
2,2 | RE.VIEW OF THE LITERATURE ‘

Hinze and van der Hegge Zijnen (3), Tollmien (4},
Schl;chting (5), and otﬁers have obtained solutio;s to the
problem of aetermining the velocity and temperature pro- 7
files iq ihcompreésible. turbulent free jets. These solu-
tions,.howgver,'are somewhat 1imited in that they do not »
apply to the region near the nozzle, Solutions for the

velocity and temperature profiles in compressible, turbu-

lent 5et§ have been much less numerous than the solutions

et dient
T A=
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for the incompressible case, and they have been just as
‘limited.

Kleinstein_(G) presentéd.soiutions for the velocity,
temperature, and concentration profiles in the fully devel-
oped region of a compréssible, turbulent free jet. He used
the approximate technique of linearizing the boundary layer
bequations in the plane of the von Mises variables (the
stream function ;nd axial distance are the coordinates of
the von Mises plane) and then solving these linearized
equations. Kleinstein incorporated in his solution a new
formulation for the eddy viscosity of a compressible free
jet. The solution agreed well wiﬁh experimental data (2),
(7) for tﬁe axial decay of axial velocity and temperature.
Raaial distributions of velocity and temperature, however,

_ were not'showﬁ ox compafed with experimental daﬁa. Klein-
stein's solution was also restricted to jet flows where
the initial velocity ané temperature profiles could be re;
presented by step functions. -

Pai (8) solved the boundary layer equations in the

plane of the von Mises variables by using a finite differ-
ence technique. This solution was restricted to a turbu-
lent Prandtl number of unity and the case of a free jet

exhausting into a moving external stream. No comparison

e e B T mrmaTre T T R R T T R R T I T R A T I TR T R T T R B T E AT e R L e
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was made between the solution and experimental data, prob-
ably due to the lack of data for this type of flow.

- warren (7) solved for the axial variation of velocity
and t~mperature in a compressible turbulent ffee jet ex-
hausting'into a medialat rest using an integral method.

He used "universal® profiles to describe the radial varia-
tionrof axiéi vélocity in therpotential core region and the
fully devéloped jet. Warren also proposed a formulation
for the eddy viscosity of a compressible free jet. The
solution, which also was restricted to a turbuient'Prandtl
number of one, agreed fairly Qell with experimental data
except fof the transition region.

Szablewski (9) develéped an analysis of the core
region of a compfessible free jet. He used a "similarity4
parameter and numerical integratién of the boundary layer
equations to obtain velgcity and temperature profiles; but
the solution wég regtricted to the potential core region.
Other investigatbrs have also ﬁreated various aspects of
the compreséible jet problem (1), {(10).

2.3 NUMERICAL SOLUTION 7 7 7

In the present investigation, no transformations are

madg. The solution of the,boundary layer equations is ob-

tained by using a variation of a finite difference technique

T R YT T S A T T T IR VR IS
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due to Abboté (11). _Solutiong are obtained for free jet
injéctiéﬁ gnto % medium at reét where initial free jet velo—
city andrtemperafﬁre profiles are assumed to be step func-
tions. ‘"D&namic eddy transfer coefficients";are defined
.for-the‘turbulent compressible flow. 'These_transfer coef-
ficieﬁts are modifications of thoée introduced by Klein-
steiA (6) and are functions of axial position only.
Although the solﬁti;n preﬁente@ here is somewhat re-

. éttféted becaﬁse it 'is derived for specific application to
- fhe.impinging jet problem, the finite difference technique
can-bé used to aescribe jets exhausting into a uniform
exte?nai étreéﬁ, jets with initial profiles of Qelocity
and temperature of an arbitréry shape, and jets with vari-
-gble fluid proéer;ies; Also, concentration profiles éan
: be obtained, and, as more ig learned about the structﬁre
of free turbulent shear flows, this finite difference tech;
nique can accommodate more advanced formulations of the .
eddy'transig;,ggefficients,whigh may be functions of both
axial and radiél position;

| A,schematic diaéram of the free jet showing the coo?—
dinate system used 1s shown in Figufe 2, The Eoundary layer

equations for the conservation of mass, momentum, and enerqgy

in the turbulent, compressible, axially symmetric free jet
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{derived in Appendix 9.2) are:

o ) —

57 (e + = S lrevd = O )
x vy — 2 vy

o2y + v B2 = 5 [treen 5] ()

, QVZ,CP% +QV,.CP%{:,:7-%— %;[(rr&)%}.—]-%— gev(%%‘)z ' (3)
The heat capacity and the stat;‘.c pressure are assumed to
be constant in the above eqqations. 'The assumption of
constant static pressure has 5een shown to be a valid assump-

tion for subsonic free jets (1). All densitieé, velocities,

and temperatures have been time-smoothed for turbulent flow.

"The boundary conditions for this free jet flow are:

T
-

At 1=0, Vz;: sz
t=t <l

P Ve= O

At r=0,

A R TR T e R L SRR A AT PR R L n v L




Making Equations (1)~-(3) dimensionless, they become:

As Y—oo,
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f—ta

Ve O

All z

(P + & Zr(RPVRY =0

KT

v BT T ' _ 1\ 3
PVz 5% + PVR5R =50 R 9R (R 5R

Vsj VN
+ ot -tac, Tev OR

The transformed boundary conditions are:

B i e T

At Z=0,

Vz_:'-lo
T =\0
V'R:'- O

)

(4)

(5)

(6)
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As R~ V,—O0
- T—0 All Z
Vi—0O

for incompressible jets, expressions for the eddy
kinématic viscosity have been obtained semi-empirically in
terms of parameters of the main jet flow using either
Praﬂdtl's constant exchange coefficiént theory, von Karman's
hypothesis, or Taylor's vorticity theory (5). Solutions
incorporating these expressions have agreed well with ex-
perimentél data. Therefore, the expfessioné for eddy kine-~
matic viscosity derived-using these theories have become
generaii& aééeptgd for the solution of incompfessible free
‘Jet flows.

7 For compressiblé'free jet flows, howevér, the mechaﬁism
of the transportAphenomena has not been semi-empirically
determined, and few empirical formulations have resulted in
éolutions which compéfé well with experimental data.- kleiﬁ-
stein (6) has stated that a "dynamic eddy transfer cqgffi-

cient”, P€y must be used as a measure of the traﬁsport

phenomena for compressible flows. Furtherﬁore, Kleinstein,
using. an émpirical approach to deduce this result, states

that this-transfer coefficient is a function of axial

B R T o T S T T I T R T T T e e T TR TN T R IS T RS e A 0 S

=
1
1
A
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position only. Kleinstein's momentum transfer coefficient

is as follows:
Pe, = 0.0183 R vy & o m

Warren (7) in his analysis of the compressible free jet,

proposed two expressions for the eddy kinematic viscosity,

one for the potential core region and another for the fully

developed jet. These expressions were similar to Prandtl's»
gonstant excbange coefficient. Warren found, however, that
thereiperiméntally determined éonstant in Prandtl's constant
exchange coefficient should be a 1inea; function of the Mach
number at the nozzle exit. Warren's momentum transfer'co—
efficients are as follows: | 7

- Core region:

€y = (0.0434-0.0069 M)(ry, — 1) G @)

€, = (0.0434—0.0069 Mry, 5= (9

In the present approach, Kleinstein's eddy transfer co-

" efficient has been modified slightly to provide a better

agreement with experimental data. The eddy transfer coeffi-

clent for momentum is:

E
T O v |
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Pe, = F(Mv) R Ra \'/ZJ-VDF,a) - o o
where  F(M)= 0.00954 ~ 0.0'O'(BZM + o.ooézsmz
fv (Z)'s 0.2 -Fc;r Z £ Zev
= 1.0 for 7Y Ze
Zeo = 473 R

Also, if the turbulent Prandtl number is only a func-
tion of axial position, the eddy thermal conductivity may

"be expressed as

K= FOMICp P2 Pen p3 vz D £ (Z) /Ny o ay
where £(1)=0.2 for Z{ Za

=10 for ZDZg

 Za=3.43 R
3 . ' w '
'% T - N NPT,Air‘ —_ !.O ‘FOV‘ ZQZ;\»
_ o = O.715 for Z77Z «t
Theée transfer coefficients differ from those of
Kleinstein's analysis (6) by the inclusion of Pm,fv(z),
| £..(2), and F(M). Kleinstein's coefficients, when used in

P TOT aT rh e e o e s o e e 2 ¥ . = e =
E
E
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the finite difference calculations, resu1£ in a solution
whicﬁ does not agree well with data for the axial decay

of velocity and temperature. Although Kleinstein defined
the extent of the core regions for velocity and tempera;
ture (Zcy and Zgog respectively), it is eQid?nt that his
transfer coefficients are much too large in the core regions,
which he did not treat in his analysis. Therefbfe,lfv(z)
and ft(Z), which modify the tfansfer coefficients for the
fully developed jet to obtain “"average eddy transport co-
efficients"” for the cdre regions, are included to provide
better,agfeement with axial decay data. ‘Note also that the
tufbu;ent Pranétl number inithe temperature core region is
unity, indicafing equal turbulent transport ratesrof momen-—
tum énd'energy. The turbulent Prandtl ﬁumber for the re-
maindef of the flow field has been found to be roughly
cqnstant_and very pearly equal to the laminar Prandtl num-
ber (2), (6). vAn analysis of the shapé of the axial decay

data showed that the addition of P, would provide an im-

proved axial variation of velocity and temperature. Warren

b i

(7) stated that a function of Mach nurber must be included
in the transfer coefficient expressions if agreement with
data over a wide Mach number range is desired. Thus, the

best-value of F(M) was found for each experimental Mach

ST TR e R = TR ==

1
f
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number, and a least sqﬁares method was then used to obtain
F(M) as a second order polynomial in Mach number.
Substituting Equations (10) and (11) into Equations

{5) and (6), we have

PY 2 -+ PVa % = Autr 3m CRIFD oz
where .
A,= —-—53{) = F(M) P P £,(2)
. (13)
—_— [ 3 T
PV, 8T + Pva Tk = A+ & Sk (RER)
aVz\2
+ Nec Ay (BR) . (14)
where
' - V : ) .
Ay =CPL&@5 = FOMO R P £y (Z)/Npe (19
z M .
i (16)

S
- Nee= Co(tj-tad

' The finite differenée solution used here is a varia-
tion of the fully implicit metﬁod of Abbott (11) for cons-
tant témperature, incompressible, axially symmetric flows.
The fbllowing finite difference approximations for deriva-

tives at (z+AZ,R) were used:

QVZ:VZ('Z_-\-AZiF%—VL(Z,R) .
,..32.' : o o - amn
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a_y_z_ Vz(Z+A7_,R+AR3 Vz. (Z+AZ,R-AR)
oR 2AR © @s8)

V Vz('Z—HYZ R+AR) 2Vz (Z+ D7 R+ V2 (Z+AZ \R-OR)

i_; (19)
o9R AR? ‘

Similar expressions were used for the derivatives of radial

velocity; temperature, and density. Another radial deriva-

tive form, which was used in the continuity equation in

order to make the application of the boundary conditions

easier, is as follows:

PVa _ VR(ZHAZ,R) —Vr(Z+AZ,R-AR) (20)
R — AR , :

The finite difference approximations were substituted into
Equations (4), (12), and (14), which, along with Equations

{(13), (15), and (16), the equation of state, and the bound-

~ ary conditions, comprise the system of nonlinear algebraic

equations to be solved at each point in the finite differ-
ence network (see Figure 3).‘ Also, it is obvious that some
radial position, at which velocities and temperatures aré
essentially equal to those a£ an infinite radial distance,
ﬁust be chosen to represent an infinite radial distance in
the numerical calculations. This radial position, which

varied from 1.25 nozzle diameters near the nozzle exit to

St B S T O A e T L e e Oy T L E L T T e i S T TR T
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25 nozzle diameters for the fully developed'jet, was deter-
mined by the capabilities of the available computer, an
IBM 7072.

The system of algebraic equatioﬁs was lihearized by
taking the coefficients (shown as the underlined coefficients
iq Equations {12) and (14)) of the nonlinear terms at their
known valﬁe on the previous line of the network or at Z.

The resu;ting'system of linear, algebraic equations was
solved using Thomaé' method (12) for initial values of Vg,,
A ,' and T at each point of the line Z+AZ. The computational
"—accuracy was fhen'improved using an iterafive procedure, and
-';the solution was carried downstream to Z+2487Z, etc. wég-
stein's methqd (13) was used to accelefate the convergencé

of this iterative process.
Near Z-0 smaller.step sizes were requireé (14) to con-

7 verge to the éorrect'solution than were required further
downstream where the gradients were much smalfer. The steé
sizes were increasea downstream in order to speed up the
nuﬁericai solution. The finite difference network in Figure
3 shows oniy the section of thé finite Qiffegence network
containing the smallest step sizes. A description of the

free jet calculational procedure, including the computer pro-

gram 1isting, are given in Appendix 9.3.

:
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3. THE IMPINGEMENT REGION ANALYSIS

3.1’ INTRODUCTION

A technique for egtimating the heat flux distribution
in fhe impingement region of a compressible, turbulent, im-
pinging free jet was developed. 1In addition, the static -
pressure distribution on the plate, the thickness of ther
boundary layer in the impingement region, and the velocity

at the edge of the boundary layer were calculated. Although

"the flow outside the boundary layer is not a uniform flow,

the boundary layer concept remains valid since the flow
over the plate can be divided into regions: a very thin
boundary layer near the wall where friction plays an essen-
ti#l part, and the remaining fegion outside this layer,
where friction may be neglected. The solutions for the
compfessible, turbulént, ffee jet were used as é starting

point for the computations and the plate surface tempera-

‘ture distribution was used as a boundary condition. Al-

though the number of heat flux measurements in the imbingg—
ment region was limited by the ;ize of the experimental |
system, the ;alculated heat flux distributions agreed well
with these measurements. Also, the shape of the heat flux
distribution curves agreed with those obtained by previous

investigators.
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The impinggment region can be described in terms of
two areas. The stagnation aréa is the area around the stag-
nation point where the heat flux is approximately constant.
The'other area, which comprises the remainder of the im-
pingement region, is characterized by a heat flux which
rapidly decreases with increasing radial distance.

The solution for the heat flux distribution in the im-
pingement éeéion is a very difficﬁl£ probleﬁ which could not
have been soived without several simplifying assumptions,
'Even a numerical solution of the paréial differential equa-
tions describing the flow is not'possiblé without the develop-
ment of new ﬂumerical techniques. Previous solutions have
been generélly limited to either incompressible flows, con-

- stant wall temperatﬁres, or j;ts with uﬁiform velocity pro-

filés at the entranc§ of the iﬁpingement region. There have
ﬁlso been sgvéral attempts to develop expressions congaining
dimensionless groups to correlate heat flux data. An attempt

was made in the present work to make as few assumptions as

possible, This will make the technique more generally appli-~ '

cable and useful,
3.2 REVIEW OF THE LITERATURE
Perfy (15), Vickers (16), and others have attempted to

correlate heat flux data resulting from the impiﬁgemenﬁ of

TR TR St e TS TR T TR TR T A T TR T T T Bl s b Sl =
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jets on fiat surfaces by using expressions containing
dimensionless groups. Although these expressions seem to

correlate their data fairly well, their results are only

valid- for similar experimental systems, and, hence, are

‘quite specific. Perry (15), who studied the impingement

of high temperature, turbulent jets, did find evidence of
arstagnation area in which the heat flux was approximately
constant. |

y Kezios (17) énd Schauerrahd Eustis (18) have published
the only calculational methods fér egtimating heat flux

distributions from impinging jets. Kezios solved the prob-

lem of determining the heat flux distribution resulting

from the impingement of a cold axially symmetric jet of air

on a hot, constant temperature plate. ‘The temperature dif-

" ference between the plate and the air was of "the order of

130°F, apd the impinging jet was assumed to have uniform
velocity and tempefature profiles entering the impingement
regioh. VKe;iosAdbtained his solution by using Q potential
flow solution for impingement regioﬁ velocity; and then

transforming the heat transfer results of two-dimensional,

flat plate flows to the axially symmetfic case and applying

them to the impinging jet flow for equal values of certain

dimensionless parameters. Kezios both measured and

i
«
3
1
3
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predicted a stagnation area in wh;ch the heat flux was actu-
ally around 5% highér at the outer edge than at the center
(the stagnation point).

Schauer and Eustis (18) calculated the heat,flﬁx dis-
tribution'resultiné from the impingement of an incompressible,
tyo-dimensional free jet for two separate cases. 1In the
first case; the initial free jet temperature was equal to
.the ambient temperature, but the plate temperature was not,
and ih the second case, the platé éemperaturé was equal to
the ambient temperature but the jet temperature was not. The
.1inearity of the energy equatioﬁ in temperature, allowedr
superposition pf these heat transfef soiutions. This enabled
Schauer and Euséis to obtain a heat fluk distribution for
the sfep surface temperature distribution problem. The solu-
tion of Schqﬁe: and Eustis was restricted to low temperature
flows with temperature differences of 20 to 30°F. The in-
coﬁpreséible freé jet solution of van der Hegge Zijnen (19)
was usea as a starting poiné for the heat transfer solution.

An analysis, based upon conduction through the laminar sub-

layer near the wall, was used for the stagnation area. An
integral solution of the boundary layer equations combined
3 with Reynold's analogy and a Blasius expression was used for

the region outside the stagnation area. Schauer and Eustis'
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golution indicated the presence of a stagnation areé which
was not so sharply defined aﬁ'those indicated by Perry (15)
and Kezios (17).

Sevgfal investiéators have calculated either the pres-
sure distribution on ‘the flat plate or the potential flow
velocity distribution in the impingement region. Snedecker
and Donaldson (20) have measured pressure distributions re-
sulting from the impingement of incompressible free jets and
correléted parameteré of the pressure distributions with free
jet data. Strana (21), Slezkin (22), Leclerc (23), Schradexr
(24), and Tani and Komatsu (25)-h§ve obtained potential flow
solutions for the impingement of jets with uniform velocity
distributions on flat plates. |

Kemp, Rose and Detra (26), Fay and Riddell 27) And Lees
(28) have solved the laminar boundary layer equations for
the stagnation point heat flux geﬁulting from a uniform im-
pinging flow. The resuits can berapplied to the problem of
stagnation point heat transfer in dissociated air. xemp,-
Rose and Detra and Lees went a step further and used the '
conéépt,of "jocal similarity" to obtain solutions gﬁ régions
away from the stagnation point. The concept of *"iocal simi-

larity" is essentially the joining together of solutions of
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the laminar boundary layer equations, each of which is valid

over a limited region.

3.3 COMPUTATIONAL TECHNIQUE

In the present investigation, the static pressure dis-
tribution on the surface of the plate is calculated by equat-

ing the momentum of the. free jet with the force exerted on

_ the plate by the pressure distribution. Then, the heat trans-

fer in the stagnation area is calculated by adapting the solu-

 -tion of Kemp, Rose and Detra (26) for heat flux distributions

'resultiﬁg from uﬂifdrm impinging flows to the case of im-

pinging je£s. The velocity at the edge-of the boundaryvlayer
is calculated from the calculéted pressure distribution.
Also, the boundary layer thickness is determined by solving
the integral momen tum equation. The calculated boundary
layer thickness and the assumptién of similar dimensionless
temperaturérprofiles inrthe boundary layer are then used to

calculate the heat flux distribution in the remainder of

the imbiﬁgemenf region.
3.3.1 The Static Pressure Dié£ribution on the.Pléie

A schematic diagram of the impingement region sthing
the coordinate system used is shown in Figure 4.

In order to calculate the static pressure distribution

on the surface of the plate, the static gauge pressure at

bl i o b it} 4 wﬁé
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the stagnation point is taken as,being‘equal to the total
velocity head pressure that the frec jet flow would have at

the position of the stagnation point of the plate, or
- PVz ) :
Ap, ch] -0 -%—J— PVZ |, (21)

‘where P ;nd-V&Aare obtained from the numerical solution of
the frée jet flow. Aléo, note that y=0 is equivalent to
z=H, since7=H—zf

Now, a y—direction homentum balance is made over ﬁhe
impinging jet. It should be mgntioned that the axial com-
ponent of the momentum of the free.jet flow does not Qary
withvaxial distance (2), so that the axial.component of the
momentum at any axial position is equal to the momentum of

the jet at the nozzle exit. Therefore, we have

2 o0 ‘
‘—’*—,‘;—‘:—"f =2w§, Aprdr
_ 2 (oo ' '
=2Mrs S‘, Ap(BIEdE  (22)

where

I

=L
t=v | | (23)

Also, from the experimental measurements, if was deter-

mined that the impingement of a fﬁlly developed free jet on

o TSI YIMEETS ~ TR T S A
F SR TR R TR AN ST T Y I TR LT IS T S T IS TR x = -
TR TTET L AT R e T P O T L T
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a flat plate produced a static pressure distribution which

coﬁld b= correlated by the following expression.

CLp = ey (‘— 0.694EY) ,
AP P : o . (24)

The quality of this correlation is shown in Figure 5.
. .

" Substituting Equation (24) into Equation (22), we have

v ADt - 2 Voo —0@94¥‘r
gl XD = Z“GVAPSSO e ¥ df (25)

: :
The evaluatlon of the integral and rearranglng of the egua-

tion gives the fOIIOW1ng equatlon for the "half-width" of

the pressure distribution.

rs _ [’"_g»?,v““"f
D 8 g Bpg

WithrEqﬁétioné (24) and (26), the static pressure dis-

(28)

tribution has been predicted entirely from free jet informa-

tion.

-3.3.2 'Stagnation Area Hecat Flux Distribution

The solution of the laminar boundafy layer equations of

Kemp, Rose, and Detra (26) for the stagnation area heat flux

from uniform impinging flows will now be adapted to the

case of an impinging jet.

R NIRRT
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Writing the radial component of the momentum equation
for the edge of the impingement region boundary layer and

neglecting frictional forces, which are small at the edge

of the boundary layer, we have

PeVre dvre — ___ .dP_ E :
g dr - dr _ . : ] (27)

Note that we have made the standard boundary layer assump-
tion that the pressure does not vary over the thickness of

‘the boundary layer. Differentiating Equation (27) yields
= pvee e & (din)' Yo des des
drdt — 9e dr2 Q. \dr q. dr r (28)
However, at the stagnation point, we have the condition that

VeSO , o o (29)

Evaluating Equation (28) at the stagnation point, it becomes
i

$El=—% 4,7 (30)

Equation (30) can also be written in terms of the géuge

pressure.

Vrs
dyr? - dr

Sap ——___eu_’r_d_ % |
L =— g LET .
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dvre
- e We have

d\/rg / ‘ V ‘ 7‘
?zs d"’" _ - (32)

The differentiation of Equation (24) at the stagnation boint

- 0r,

gives

2A — _—L.38B A . :
d%Ap ——L.38B Apy )
dr?t ds — rs* ) (33)

Substituting Equation (33) into Egquation (32), the deriva-

tive of the velocity at the edge of the boundary layer at the

stagnation point is
L

C‘Vr 1.388 QQ} S}c -
) e@’ r‘ z . ) (34)

At this point, two assumptions will be made. First,

it will be assumed that, in the impingement region, the

: moﬁentum and thermal boundary layer thicknesses are egual..

This is essentially stating that both the laminar and turbu-

1eg£ Prandtl numbérs are one in.this region. Secondly, it
1 will be assumed that the stagnation temperature along the
edgé of the boundary layer is constaAt, and is equal to the
stagnation temperature of the free jet solution at a posi-

tion corresponding to the position of the stagnation point

TR D A ORI

T T
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of the plate. This is essentially stating that the flow

along the streamline at the edge of the boundary layer is
adiabatic. Moreover, because the Mach number at the edge
of the boundary ;ayer is relatively small for the calcula-
tions to be made, ﬁhe stagnation temperature at the edge
of the bouﬁdary layer differs from the static temperature
by no more than 20 to 30 degrees F. Therefore, the static
temperature will be used in place of the stagnation tempexr-
ature in these calcu;ations. .

Because of the latter assumption, ¢, can be replaéed

with Qe in Equation .(27) , and the eguation becomes

dp — __ LusVre dvre
dvr _ Ge dr . (35)

Writing Equation (35) in terms of the gauge pressure, we

have

dr' 3,, dv ' . B 7(36)

VIntegrating Equation (36) with the initial condition that,

at ¥=0, Vre=0 and Dp=bpg , yields

Sevee® — po - | , -
29c — Dp, .AP - , (37)

v ki o e 1 ity
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Substituting Equation (24) into Equation (37) and rearrang-
ing, we obtain an expression for the velocity at the edge

of the boundary layer versus radial position,

Vie = /2950 L1= Exp(0.694E]

es

(38)

" The expression developed by Kemp, Rose, and Detra (26)-for
the heat transfer rate in the stagnatioh area of a uniform
flow impinging on a surface, written for impingement on a

flat plate, is as follows.

e 438
q. = C, [ 14+0.096 BN (e o4

NS, [T,

where
e A v ;
B = 2 S .
Q(\n n) , - (40)
B — i dVrg 7
Ve G
M) = S: PwMwVrer¥dr
- - (41)

1 : Ci= O.648
3
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In order to adapt this equétion to the stagnation area.
heat flux distribution resulting from the impingement of
free jéﬁ flows, fhree quantities in Equation (39) must be
determined. First, it is necessary to use Equations (40)
and (41) to determine @) . Also, h° is defined as the
‘stagnation point enthalpy of the uniform flow in the solu-
tion of Kemp, Rose, and Detrég Since the velocity and
temperature on the center-line of the free jet are continu-
ally decaying, the stagnation enthalpy of the ffée jet flow

at some specific axial position must be chosen to represent

h® in the computations. Finally, the best numerical value’

of C, must be determined for the impinging jet case, :

Thn calculation of ©0) is made by maklng the integra-

tion 1nd1cated in Equatlon (41), numerlcally, using Simp-

s dowac s

son's Rule (28) to obtain mUr). Then, differentiating

: ay i d
_Equation (38) gives (5=

: d\/rg Za.0p; O 694 L exp(-0.694r /r;—")
E - PGS LI ’J\"’ exp(—0.694~ \’1/\"51) (42)'

-

Also, Equation (40) may be written in the following manner.

] ' ' = lL_.Eh’:s_._d_"_
Blvi=2 Vee Tav— dv A ‘ (43)
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Also, from Equation (41) we have

de. —_— .
,d’m ewaVr. r* ) (44)

p There.ore, substituting Equations (38), (42), and

(44) into Equation (43), we have an equation for @CF).

6(0 , s .388 exp(~0.694 v*/rs*) Y (¥)
2q9c.48p L'.l-up -0.694r*/r 1) P* rig* Pw M w
(45)
The substitution of the numerically calculated values of

v ) into Equation (45) gives @(v).

‘The value of h® chosen for the calculations was the

stagnation enthalpy at a height above the plate equal to

the radial length of the impingement region, or at y=*3.\6é,.

The radial length of the impingement region is the radial

" distance where the gauge static pressure is 0.1% of the gauge

static pressure at the stagnatlon point,. Choosing the value
for W as the stagnation enthalpy at thls height above the
plate is essentially assuming that the reglon of increased
static preséure is a hemisphere with the center 6f its
plane circular surface located at the stagnation point.

The value of C, was aetermined by minimizing the deviations

betwcen calculated and measured heat fluxes and was found
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to be 0.703. Now all the quantities needed to calculate
the ﬁeat flux distribution in the-séagnation area are known,
and the caiculations can be perfo;med by substituting these
quantities into Equation (39). Computer programs written .
to make these computations and a description of the comqu .
tations are given in Appendix 9.4,

3.3.3 Impingement Region Turbulent Boundary Layer Thickness

The integrél momentum equation for the impingement

region boundary layer is

v { S revedy} — G { S revt ay}

= rqoTw+ réqegE e

The derivation of this equation is given in Appendix 9.5.
We now assume a power profile for v, ,

¥ = ()

(47) |

and a Blasius type wall shear stress relationship
= M L R a
ow 0.025 Vre (—_—‘\’re Sv)'
(48)

For lack of more detailed information, it will be assumed
that ¢ is only a function of radial position and is equal

to @,. Although this is not correct, the error which is

e e
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introduced is quite small. The value of both of the inte-

grals in Equation (46) increases about 10 to 15 per cent
because of this assumption, but the left side of the équa-'
tion changes by only 3 to 4 per cent,

Substituting Equations (47) and (48) into Equation (46)

and integrating, we obtain

(@) d Lrewvees ) = (FEz) sr Lrewvsy)

_ " ) V4. 4
=0.0250 v Vee (7o, ) v 3 (49)

The boundary conditions fbr the calculation of the turbulent
boundary layer thickness are that, at the stagnation poiﬁt
§r=CD, §,=0 and Vvye=0O . These boundary conditions are such
that Equatioﬁ (49) cannot be solved numerically by the
Runge-Kutta method &29) in its presgnt form. Although the
boundary oconditions used are approximations for turbulent
flow, their use has been shown to give good agreement in pre-
dicting turbulent boundary layer growth (30). Manipulating
Equation (49) and defining a newrvariable,
Q= vewvre Sy ,
' (50)

we obtain the following ordinary differential equation.




Ll g
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5/
/. re ]
Q"’ 48 = (n+n ——ere dves 4 0,025 AR o St gy eV

) n N+ Qi
+ n ) Ow V(;‘ g° dr

(51)

Reducing the equation still further, we obtain

.{ (“-H).Te, -+ 0.025 (n+\1(n+'_n oo WAL

S i) (ni) W dep
-+ n PVeen ‘3= dr
. (s2)
where ] ’
5/
W=Q (53)

-

Now, Equations (50), (53), (42), (38) and (24) are used in

" conjunction with a Runge-Kutta numerical solution of egua-

tion (52) to obtain the turbulent boundary layer growth in

" the impingement region. The value used for "n" was deter-

mined by SChauer and Eustis (18) to be 3.55. The computer
program used to make thase calculations and detalls of the
calculations are given in Appendix 9.6.

3.3.4 The Heat Flux Distribution in the Remainéer of the
Impingement Region

For lack of more explicit knowledge of the location of
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the éransition from laminar‘to turbulent flow, the assump-
tion is now made that this transition takes place near the
; outer edée of the stagnation area. Usiné this aésumption,
the growth of the turbulent boundary layer, which was jﬁst
~ calculated, will apply in the area of the>impingement
fegion outside the stagnation‘area. Also, retaining the
assumption that the momentum and thermal boundary layers
coincide in.the impingement region, we will assﬁme a‘power

- profile for temperature in the impingement region.
I L\ o \3 ' o
u—f:{ 4 _,_“(":'IFT>+ b(’:’slT) +c (‘}T) e " (54)

If Fourier's heat conduction law is used for the heat flux

into the plate, we haﬁe
. = +
qw - k g_);]y-é

- (55)
, If Equation (55) is written for two radial positioﬁs-(posi-

tions 1 and 2), and if Equation (54) is substituted, the

" ratio of the two heat fluxes will be as follows.

¥

1
;
E
=

.Qm._n — & (te- Yo s e . ‘
qwl - €V\ ( +e"‘ 1"“)1 . ‘ .' - V (56)
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Now, we will take q,, to be £hé heat flux at the outer
edge of the stagnation ;rea (calculated using Equation (39))
and .q,, to be the heat flux at any radial position in the
impingement region outside of the-stagnation area. It
should also be noted heres that the extent of.the stagnation
area remains undetermingd at present. Therefore, designat-
ing th;'outer edge of the stagnation area by thé subscript
'c",-the following equation can be written for the heat
flux. 7 |

=9 Sro (he-tu)
W= e Sy Ce—twk

(57)

Using Equation (57), the measured wall temperature

distribution, and the calculated boundary layer thicknesses,
the extent of the stagnation area was determined, by mini-

Amizing-deviations from measured heat fqu data, to be

o ELK LIS I . E

Schauer and Eustis (18) indicated the extent of the stag-

nation area to bhe

og ¥ <- 129

k for their two-dimensional impinging jet solution,
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These heat flux calculations were made by the same
computer program used for the boundary layer thickness cal-~
'cuiations. This program and details of the computations

are found in Appendix 9.6. . .
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- 4. EXPERIMENTAL PROGRAM

4.1 REVIEW pF THE LITERATURE
4.1.1 Free Je£ Studiecs
~ - WYelocity and temperature distributions in incompreésiblé,

turbulent free jefs have beeﬁ measured by many investiga-
tors including FSerthmann (31), Reichardt (32), and Hinze
and van der Hegge éijneﬁ {3). However, there is a lack of
experimental data on the variatioﬁ of velocity and tempera-
ture in hot gases at high subsonic Mach numbers. Corrsin
and Uberoi (2) obtained experimental data for moderately
high temperature, low Mach number flows; while Warren (7)
experimentally studied high speed (both subsonic and.sﬁper—
soﬁic) flows at relatively low temperatures. §nedecker and
Doﬁaldson (20) have also measured velocityAprofiles of free
jefs of cold air at'high subsonic and supersénic speeds.
4.1.2, ‘Impinging Jét Studies

Experimental studies.of the heat tfansfer from imping—
ing jets have been fai;ly numerous. The investigators ih-
cludé Anderson and Stresino (33); Gardon and Akfirat (34);
3 - Kezios (17); Perry (15); Scha;er and Eustis (18); sSmirov,
Verevochkiﬁ, and Brdlick (35); and Vickers (16). & variety

of impinging flows ranging from room temperature laminar |
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flows through high temperature turbulent flows have been
studied. Some investigations have even been concerned with
impingihg'fléme fronts or the impingement of arrays of jets.
In many instances, the experimental data from these inves-
réigations have been presented in the fofm of heat transfer
coefficients whose definition is either not given.or depends
uéoﬁ the particular experimental system used., Also, many
investigators havelutilized such specific experimeﬁtal con-
ditions that the results of their studies cannot be extra-
polated to other physical systems. Finally, very few studies
have been concerned with the distribution of p&int heat,
fluxes, and even fewer have presented data on the distribu-
tion of point heat fluxes resulting from the impingement of
a high temperature, turbulent frée jet. '
4.2 THE EQUIPMENT

.A picture of the equipment which was designed and built
to obtain the required experimentél data is shownAin Figure

6. A schematic sketch is shown in Figure 7. For ease of

discussion, the equipment will be grouped into four basic
sections -- the flow system, the flat plate, the various
stagnation temperature and total head probes, and the aux-

iliary equipment.
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4.2.1 The Flow System

The air for the jét was taken from the tank of a labor-
atory air compressor. The air flowed through a pressure
regulator which maintained a constant pressure fof the air
supplied to the experimentél system. The flow rate of the
air was controlled by a diaph?agm—type flow controller and
measured by a metering rotameter. The temperature And pres-
sure of the air were measured, prior'to its entrance into
the héater, by a thermocouple and % pressure gauge. The
air flow rate was extremely steady and did not vary notice-
ably during the coﬁrse of an 8 to 10 hour experimental run.

The airrthen passed into a 10 kilowatt electrical re-
sistance heatef. The air teﬁperature at the outlet-of the
heater Qas confrolled‘by using on-off pyrometer regulation
of one of the heater's two electrical circuits. The high
temperature air then enté;ed the étainless steel nozzle
assembly. Although the maximum temperature of the aif leav-
ing‘the heater was 1600°F, the maximum air temperature at
the nozzle was only about 1300°F. The difference was due
to heat losses from the insulated pipe which carried the
air between the heater and the nozzle.

Thé nozzle assembly consisted of a plenum chamber with
three removable sections of fine screening {50 and 100 mesh
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screening was used)-to érovide as uniform velocity and tem-
perature p;ofiles as possible at the nozzle exit, and a
circular converéent nozzle with a short constant area
throat. The throat was short in erder to prevent the build-
up of a thick boundary layer. Also, the assembly was de-
signed to accommodate interchangeable nozzles 1/4 and 3/8
inches in diameter. The plenuh chanber was designed with
a large enough cross-section fer flow so that the Mach num-
ber in the chamber was essentially zero; this made possible
the measurement of the stagnation air temperature at that
point. A schematic sketch of the nozzle assembly with the
nozzle in place is shown in Figure 8.
Although the tempe?atere of the air was only controlled
at the outlet of the he;ter, the air eemperature at fhe
anozzle never varied more than 2 degrees F. This was 6ue
partly to the damping action of the large heat cepacity of
the insulation afound the heater and piping. on the other
hand, this large heat capecity made necessary a 5 to 8

hour period prior to an experimental run during which the

outlet air attained a steady-state temperature. Also, an
annular piece of flat stainless steel was placed in the

plane of the nozzle exit to prevent entrainment of ambient
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air from behind the noz;le. This insured the assumed con-

.dition of a jet ejecting into-stationary air.

Flexible stainless steel pipe was used between the

heater and the nozzle to eliminate changes in nozzle posi-

 tion caused by thermal expansion effects. The nozzle always

moved during the transient heating period. Therefore, the

nozzle assembly was attached to the base table by three

leveling legs incorporating turnbuckles with two different

- thread sizes so that a fine leveling adjustment. could be

performed after steady-state conditions were reached. The
position of the nozzle was checked optically using two
transits. The flexible pipe, the nozzle assembly, and the

heater were all well insulated to reduce heat losses.

4.2.2 The Flat Plate

~The high temperature air of the jet impingedvon a flat
plate held normal to the axis of the jet 8 to 20 nozzle
diameters downstream of the nozzle. TheAflat plate was a
2 feet by 2 feet by % inchrthick piece of aﬁnealed Inconel
600 alloy which was instrumented for measu;ement of pres-

sures, temperatures, and heat flux distributions on its

surface. The back of the plate served as a water tank to

_ stabilize the heat flux and temperature distributions. The

size of the plate was large enough so that the flow was
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essentially that of a'free jct,impinging normally on an in-
_finite plane surface, '
Temperature gradient probes were designed to measure
the hea£ flux at various points on the surface éf the plate.
These proBcs consisted of % inch long, % inch diameter rods
with thermocouples along their axial length. Seven probes
were embedded in the flat plate at various radiél positions
(measurgd from the stagnation point) so that tﬁéir axes were
perpendicﬁlar to the surface of the plate and their ends
were fluﬁh Qith the surface. Two of the probes were 1ocatedr-
at the same radial position to check the assumed condition
of axialrsymmetry. The probes were insulated froﬁ the remain-
der of the plate with thin rings of cast ceréﬁic cement in
order to obtain a close approximation to one-dimensional
heat transfer at these poiﬂts. Care'wa; taken so that the
probes, the plate, and the ceramig cement formedra ;mooth
flat surface. ”
The thermdcouplé juncﬁions were 1oc§ted in tﬁe rod at-
the surface of the plate, 1/8 inch below the surface, and
3/8 inch beiow the surface. The thermocouples at the sur-

face were used to measure the surface temperature distribu-

tion of the plate.
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The probes were also made of Inconel 600 annealed alloy
since it was desirable to have as homogeneous a plate as

possible. Inconel 600 annealed alloy was selected as the

" material of construction because it had a low enough thermal

conductivity to insure an eacsily measureable temperature

gradient and to reduce heat Eransfer along the plate, and a
high enough thermal conductivity so that reasonably high heat
éransfer rates could be obtained through the plate. Also,
the thérmalvconduétivity as a function of temperature of
this type of Inconel was readily availéble {36) . Knowledge
of the thermal conductivity of the probes and measured tem-
perature gradients made possible the determination of the
heat flux through thém. A schematic sketch of a heat flux
probe is shown in Figufe 9. 7

There were 10-1/64 inch diameter static pressure tapé

"in the plate situated at various radial positions. The pres-

sure taps were countersunk with an included angle of 82°7to

a depth of % their diameter as recommended by Rayle (37) to

"eliminate errors introduced by their presence. A schematic

sketch of the plate is shown in Figure 10. The positions
of the heat flux probes and static pressure taps are given

in Table 1.
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Table 1
The Locations of the Static Pressuré Taps and the Heét
Flux Probes. | B
Radial Positiénsrof Radial Positions of
Static Pressure Taps i Heat Flux Probes
{inches _from stagnation point) {inches from stagnation point)
0.000 0.00
0312 - ' o.60
0.562. 1.34 -
.‘0;812 2.31
1.562 3.68
1.312 3.68
1{612 6.00
2.312
- 2.812
3.312. '
- - - e i R T R
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The platé was ﬁounted,in such a manner as to allow screw
driven movement in'any‘direction and easy levelling; The
plate was aligned wi£h the nozzle after steady-state condi-
tions'héd been reached by using the trénsits.

4.,2,3 The Stagnation Témperature and Total Head Probes

Stagnation temperature probes and total head probes were
used in both Lhe free jet and wall jet regiéns. Probe-mea-
surements werc not made in the impingement region because
of the difficulty of making such measurements in flow fields
wheré the direction of fléw is not known. Two total head
probes and 6ne sfégnation temperature probe were used in the
free Set, and one total head probe and one stagﬁation temper-v
;ture probe were used in the wall jet. Estimates of the
errors incurred in the flow'measurementé made with the probes
';are given in Appendix 9.7.

The sE?gnation temperature probe for the free jet was
of standard, commérciélkdesign and consisted-of a Chromel-
Alﬁmel thermocouple inside an Inconel sheath. Calibration
-curves for the recovery factgr as a function of Mach Number
and estimates of radiation and conduction errors were readily
available (35), (39). A slight modification of the standard
design was incorporated in the wall jet probe. Bending the

sheath at a right angle and reducing the amount of sheath

1
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extending past the thermocouple bead made possible the
measurement of stagnation temperatures within 0.010 inches
of tﬁe‘plate's surface. Wwhen the shgath of the probe
touched the plate, the small bead of the thermocouple was
0.010 inches above the plate. cOﬁtact of the sheath and
the wall was indicated by:a current flow through an elec-
trical circuit containing ﬁhe plate and the probe. Sche-
matic sketches of the stagnétion tempefature probes are
shown in Figure 1l. 7

Of the two free jet total head probes, one consisted
merely of a short length of 0.025 inch diameter stainless
steel hypodermic needle tubing attached by soldering to a
‘larger piece of tubing which supported the probe. The other
free jet'total heaé‘proﬁe was a miniature Kiel (40) probe.
In this type of probe, the impact tube is located inside a
small venturi. Total head pressures can be accufately
measured when the probe is inclined at angles up to 40°
from the direction of flow. The kiel probe was generally
used in the fully developed jet, and the standard type of

total head probe was used in the potential core and the

transition region. The total head probe for the wall jet
E was similar to the one used in the potential core of the

free jet. The only difference between the two was that the
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hypodermic needle tubing for the wall jet probe was bent
and shaped into a rec£angu1ar cross-section so that measure-
ments could be made within 0.010 inches of the plate. This
probe was also positioned at the wall using an electrical
contact method. Schematic sketches of the total head probes
are shown in Figure 12,
4.2.4 The Auxiliary Equipment

various pieces of auxiliary equipment were used to in-
‘dicate or record signalsbfrom the probes. The static pres-
sures on thevsurface of the plate and the stagnation pressure
.in the nozzle were measured using manometers containing Mer?
iam red oil (spe;ific gravity of one) or mercury. These
manometers were-mounted on a common board for convenience.
The pressures measured by the total head probes were con-
verted into electrical signals by use of a variable reluc-

‘tance type of pressure transducer. These signals were dis-
played on the digital dial of a transducer indicator box.
~Also, a probe positioning jig, constructed from three lathe

e drive mechanisms, was used to position the probes within

0.001 inches of the desired location. A picture of the
probe positioning jig is shown in Figure 13.
The e.m.f.'s induced in the thermocouples of the heat

flux probes were measured using a precision portable
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- Standard Type Free Jet Probe

Kiel Type Free Jet Probe

Wall Jet Probe

Figure 12
_SCHEMATIC SKETCHES OF TOTAL HEAD PROBES
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potentiometer. The stagnatién temperature in>the nozzle,
the temperature 6f the air entering the heater, the ambient
air temperafure, anarthe temperatures of the stagnation
tempefature probes were all_recorded on a 24 point record-
ing poﬁentiometer. A 24 point thermécouple switch was usedr
in conjunction with a double pole Swifch so that any thermo-
couple e.m.f. could be either measured on the potentiometer
or reéorded. ) , : —_ .

The diétance Eetween the nozzle and-the plate was mea-
sured optically-with a cathétpmeper. Theralignment of the
nozzle and the alignment of the plate and the probes with
the nozzle were performed optically using tyo transits.
_ 4.3 EXPERIMENTAL PROCEDURE

The experimeﬁtal variables wefe the Mach Number of the
air inW at the nozzle exit, thevstagnationrggmperagure of
the-air in thernozzle, the distance between the nozzle and
the plate, and the diameter of the nozzle. A listing of
the experimental runs giviné the conditions for each run is
giveniin Tablé 2.

The sequenée for é ﬁarticular run was as follows. First
the tank on the back of the plate was filled with water,
The ailr flow rate was then set at the desired value by using

the flow controller, and the power to the heater was turned

§
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on. A 5 to 8 hour period was then required during which the
air flow at the nozzle exit and the thermocouples in the
heat flux brobes attained steady-state conditions. When
temperatures did not vary more than 1°F over a one-half hour
period, it was assumed that the system was in steady-state
operation,

v Before any défa were taken, the nozzle aésembly was
level}ed by adjusting the leveliing légs while the position
of the assembly was'checked using the transits. After the
nozzle was levelled, t#e plate was levelled, and the center
of theAplate was positioned directly abové the center of
the nozzle. At this point, another check was made to insuré
that steady-state operation had indeed beecn reached.

The first data to be recorded were the statié pressure
distribution on the plate and thé temperatures of the thermo-
couples in the heat flux probes. Next, stagnation temperature
and total head pressure“traverseé were mad¢ in the wall jet
region. The proceduré was the same fof both ty#es of tra-
ver;es. The probes were positioned on the jet axis by using
‘the p:ébe positioning jig and theAfransits. The probesvwere'

then moved to the desired radial position and "zeroced" at

the wall using the electrical contact method. The'probes
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traversed the wall jet in a direcfion normal to the surface
of the plate at three or four radial positions.

For the staénation temﬁerature and total head pressure
traverses in the free jet region, the probes were pésitioned
on the jet axis at the nozzle exit. The prébes were then
moved downstream along the jet axis for the traverse in thé
axial direction. Radial traverses wére also made at several
axial positicns. ‘Probe traverses in the radial direction
wefe'made across the entire width of the jef to check to
assumed condition of angular symmetry. When all these data
‘were taken, the power to the heater was turned off. Air
flow was continued through the system until the air temper-
ature at the outlet of the heater dropped to about 500°F
in order fo avoid damage to the heater. |
4.4 EXPER.I_PENTAL DATA |

~The data obtai£edvfrom thé experimental runs were used
to calculate velocify and'temperature profiles in thg free
jet and wall jet regions and the static bressure, tembera—
ture, and heat flux distributions on the flat plate. The

*

data reduction techniques and the computer program used are

given in Appendix 9.8. Estimates of the errors in the ex-

perimental data are.given in Appendix 9.7.

e A o T P T~ T L 1 T T T e T T B R T T e R T R I L LT

:
3
4
i
3
3
T
z



S i

-68-

The reducéd data from expérimental run 5 is given here;
reduced data from all the experimental runs are listed in
tabﬁlar form iﬂ Appendix 9.9. fThe static pressure, tempera-
ture, and heat flux distribution on thg flat plate are shown
in Figures 14, 15, and 16 respecti?ely. The variation of
the axial component of velocity and the temperature with
axial position in the free jet is shown in Figure 17. The
variation of the axial component of velocity with radial
position in the frée jet is shown in Figure 18, and the var-
iation of température with radial position in the free jet
is shown in Figuyre 19. Velocity and temperature profiles

in the wall jet are shown in Figures 20 and 21,
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Figure 20 ,

THE VARIATION OF VELOCITY
IN THE WALL JET, DATA FROM RUN 5
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THE VARIATION OF TEMPERATURE
IN THE WALL JET, DATA FROM RUN 5
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5. RESULTS

5.1 THE FREE JET

The resultsrof the numerical calculations are compared
with the experimental data of Corrsin and Uberoi (2) in
Figures 22 éhrough 24, The jet Mach number and the jet
temperature ratio (tj/Fa) at whicﬂ thgse data were taken
were about 0.07 and 2.0 respectively. Figuré 22 shows the
resulté of the calculations compared with data for the
axial decay of axial velocity and temperatufe. Caiculated
radiaivdistributions of axiél velocity and temperature at
Z=15 are compared with the experimental data of Corrsin and
Uberoi in Figures 23 and 24.

Calculatedvresglts are compared with experimental éata
frém.two experimental runs of the present investigation in
Figures 25.through 33. A comparison of Ehe calculéted axial

décay of axial velocity and temperaturerwith-data from one

experimental run isrshown in Figure 25. Radial distribu-
"tions of axigl velocity ahd temperature at 2z=11 are compared
with data from the same experimental run in Figures 26 and
27. Data for the axial decay of axial velocity and tempera-
: ture from another experimcntal.rﬁn are compared with the

calculated results in Figure 28, and the data for the radial
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variation of'axial velocity and temperature are compared
witﬂ the galculated results at 2=4, which is at the end of
the core region and the begiAning of the transition region,
and at 2=11, which is in the fully developed jet, ig Figures
29 through 32. |

Calculated results for the radial distribution of tﬁe
radial velocity compohent are shown in Figure 33. There
were no experimental measurements of radial velocity distri-
butions available for comparison with the calculated fesults.
5.2 THE IMPINGEMENT REGION

The results of the numerical heat flux calculations are
compared with experimental data from three experimental runs
of the.presenﬁ investigation in Figures 34, 35, and.36. The
dashed‘lines of ﬁhe heat flukx distribution curves represent
the extension of‘impingement region calculations into the.
wall jet region.

Aithough no measurements were made of the velocity at
the edge of the boundary layer or the boundary layer growth,

calculated results for these quantities are shown, for one

experimental run, in Figures 37 and 38 respectively.v

Calculated values of the parameters of the static pres-—
sure distribution and stagnation point heat fluxes are com-

pared with the measured values in Table 3.
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. 6. _DISCUSSION

6.1 THE FREE JET

It is evident that there is good general agreement be-
tween the calculated axial velocity and temperature profilés
and ﬁhe experimental results of this and previous investiga-
tions. There are some minor deviations between experiment
and calculation, especially in the jet transition region.
These are probably due to over-simplifications in the forms
used for the eddy trang%er coefficients.

The calculgied radial distfibutions of veloc¢ities in
the axial direction and temperatures consisfently prédict
slightly lower velocities and temperatures over most of the
distributi;n than are found experimentally. Much larger
deviationsvoccur, especially for high Mach: number flows, if
the viscous dissipatioﬁ term of the energy eguation (the
last term of Egquations (6)‘and (14)) is not included. At
very large radial dista§¢es the calcﬁlated quantities be-
coﬁe highef than the experimentally aetermined ones, but

- this deviation is very minor considering the accuracy-of the
data at positions’ far from the jet axis,

It is possible that there should be functions of radial

position included in the transfer coefficient expressions in
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order to improve the agreement between calculated radial
distributions and experiméntal data., However, because of

the magnitude of the deviations and the lack of knowledge

of the turbulent shear structure of compressible free jets,

it was not deemed justifiable to include suéh a modifica~
tion at this time. The possibility that the diffefenées in
the results occur because the radial position chosen to
represent an infinite radial distance in the numerical cal-
culations was not large enough was investigated. E#tensive
calculations showed that this was not a factor.

“The results demonstrate that the specification of‘oﬁly
two initial pfoperties suffices to provide the velocity énd
temperature characteristics of the compressible furbulent

free jet. These are the jet Mach number (M) and the jet

- temperature ratio (tj/ta or Pa).

The effects of the jet temperature fat{o and jet Méch
nugﬁeg on‘the axial de&ay of velocity ana temperature re-
ported by Warren (7) have been corroborated. That is, for
a given jet Mach number, an increase in the jet témperature
ratio causes a more rapid dec;y of velocity and temperature;
vwhile for a given jet temperature, an increase in the jet

Mach number causes a less rapid decay of the two quantities.
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An advantage of the present calculational method is
fhat calcu}ated results for the radial distribution of the
radial velocity component can also be obtained. The posi-
tive radial velocity near the jet axis is thought to be |
caused by the spread of the jet as it moves downstream,
while the negative (inward) radial velocity at the larger
radial distances is thought to be caused by the entrainment
of ambient air. -Exbefimental méasurement of this velocity
component  will hgve to await the use of more sensitive
techniques, such as hot-wire anemometfy. V
6.2 THE IMPINGEMENT REGION

The agre-.»:nt between predicted and measured heat fluxes
is good. In general, for experimental runs where tﬁe im~
pingement region was located inside the fully developed
region of the free jet flow, the per cent deviation between
measured aqd calculated heat fluxes; based on the ﬁeasured
value, is never ﬁore than 13%. A check of the experimental
method of measuring tﬁe heat fluxes showed that the experi-
mental erro?s are 10% or less., Thus fhe deviations are of
the same order of magnitude as the experimental errors.

For the experimental runs where the impingement region was
1ocat¢d within the transition region, the deviations are

always negative and are as high as 46%, which is still
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fairlyrgood for this type of calculation in view of the
assumptions vwhich it was necessary to make.

These larger deviations are probably due to the much
larger gradienté of velocity, temperature, and pressure en-
countered when the impingement region ié located within the

transition region. Kemp, Rose and Detra (26) stated that

®in regions of rapidly varying pressure there is evidence

that the loc;l similérity concept breaks down, and the
theory underestimates the actual heat-transfer rate by‘pé
to 25 per cent." BAlso, in the impinging jeé, and particu-
larly when the impingement surface is located in the transi-
tion region, any tufbulence of the flow near the stagnation
pqint is greater than in a uniform impinging flow (18).

fhis fact would alsa account for the lower value of the pre-
dicted heat flux at thé stagnation point.'

AThe heat flux measurements, themselves, do not defi-

nitely confirm the presence of a stagnation area in the heat

flux distribution. Since the calculated heat fluxes do
agree well with the measurements taken,'and since other in-

vestigators have measured distributions showing the presence

- of stagnation areas (17), (15), the shape of the calculated

heat flux distributions has some basis. Kezios (17), in

fact, found that the heat flux at the outer edge of the
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stagnation area was slightly higher than the heat flux at
the stagnation point. This was probably caused by a uni-
formvvelocity profile entering the impingement region in-
stead of a fully developed free set flow. Such an effect
was nbt kndicated in the present study.

The radial position af.which the impingement region
heat flux solution becomes invalid is the'radia1 position
at which the impingement region ends and the wall jet region
begips. This radiai p;sition, however, is very difficult
to determine; Using the radial distance at which the gauge
pressure is 0.1% of the gauge pressure at the stagnation
point as‘£he extént of the impingement region, this radial
position is iﬂ the range of from 2,25 to 4.2 nozzle diameters
for the various.expériméntal runs of thié investigation.
Measuremeﬁts of velocity and temperature variation in the
wall jet, gxtrapol;ted toward the stagnaé&oq point in oider

to check the calculated veiocity and temperature at the

edge.of the iméingeﬁent regibn boundary layer, iﬁdicate

1 © that the extent of the impingement region is about 0.8 to

§ .0.9 of that predicted from the pressure diétributiops. what-
ever thé exact extent of this region, it.appears that the

heat flux solution may be safely extrapolated a short dis-
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tance into the wall jet region without introducing any
larger errors.r

Although no measurements were made of the velocity and
temperature variation and boundary layexr growth in the im~
'pingeﬁent regi§n, measuééﬁcnts in the initial part of the
wall jet flow indicate that the calculations give very rea-
sonable values for these quantities, For example, extfapo-
lating the imﬁingement region boundary layer thickness solu-
tions into initial part of the wall jet, the extrapolated
values are within 10 to 15% of the measured boundary layer
thicknéssés. There is also qualitative agreement with the
measured and calculated results of Tani and Komatsu (25).

VThe calculated values of'the static pressure at the
stagnation point and the *half-width" of the pressure dis-
tributioﬁ agree well with the ﬁeasured values. In most
cases the deviations between the calculated and measured
values are around 10%, with the predicted values usually

being higher than measured values.
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7. CONCLUSIONS

7.1 THE FREE JET

A finite difference calculationai technique has made
possible a fairly simple yet very general solution of the
boundary layer conservation equations for a compressiblé.
turbqlént, axially symmetric free jet. The generality of
the preseﬁt solution haé eliminated the need for some of
the siﬁplifying assumptions that were requi?ed in previous
1nvestiéation§ in order té obtain a solution; Modifications
.of eddy transfer c;;fficients given in the literature result
in solutions which agree well with expe?imental data. How-
ever, the finite difference teghnique w;ll be able to‘accom—
modate even more cpmplex forms of eddy transfer coefficients
when the accuracy of the available data justifies it: An-
other advantage of fhis calculational meéhod'is that distri-
. butions of ihe radial component of velocity are also ob-
" tained. ”

The jet Mach number agd the jét teﬁperature rétio are
theronly two initial jet properties which are necessary fo
. obtain a good description of the compressible,hturbulent
free jet flow in terms of éimensionless variables. The

axial velocity and temperature has been found to decay
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faster when jet Mach nunbers are decreased or jet tempera-

ture ratios are increased.
The experimental system which has been developed has

been found to give reproducible data on the variation of

velocity and temperature in a compressible, turbulent, axi-

ally symmetric free jet. An expérimental program has been

carried out to obtain free jet data at a variety of initial

. jet conditions where a lack of experimental data has existed,
namely at ﬁigh initial jet teﬁperatures and high subsonic
Mach nurmbers in order to evaluate the numerical solution.
The free jet study provided the necessary starting point for
the study of the impingement region.

7.2 THE IMPINGEMENT REGION |

" The adaptation of the stagnation area heat transfer
theory developed for uniform impinging flows by Kemp, Rose

~and Detra (26) to impinging jets flows has been shown to

give calculated heat flux distributions in’ the stagnation

area which agree well with experimenial data. Also, a solu-

tion of the integral momentum equation for the impingement

region boundary layer has made possible the calculation of

the he?t flux distributions for the remainder of the im-

pingement region, and the calculational technique may even

e these heat flux distributions into

be used to extrapolat
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the initial part.of the wall jet flow. An attempt was made
to keep the number of assumptions to a'minimum and to pro-
vide some justification for the assumbtions vhich it was
necessary to make'in;dgveloping the solution. The end re-
sult —- the agreement between the calculated and experimental
quantities is also an important test of the assumptions
vwhich were made,

Thg method of solution which is presented here should .
be valid for any type of impinging flow with any wall tem-
perature distribution which can be treated by the theory of
Kemp,'Rose and Détra (26) and whose dimensionless impinge-
ment regioh pressure distribution can be correlated by some
eﬁuafion, except possibly where turbulence effectg are fairly
large near the stagnation point, dissociation ecffects are
large, or the Prandtl - number differs greatly from unity.

Reproducible data on the variation of staéig pressure
ﬁnd heat flux in theriméingement region have been obtained.
The dét; were obtained for high éemperature impinging jet
f16WS with a variable plate surface temperature. These data

have filled a gapAwhich has existed in available experimental

results.
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APPENDIX 9.1

" Nomenclature.

English Letters

a

Ag

constant in Equation (54). ..

constant in dimensionless free jet energy equation,

defined by Equation (15).

constant in dimensionless free jet momentum equa-
tion, defined by Equation (13).

constant in Equation (54).

eonstant in Equation (54).

heat capacity at constant pressure.

constant in stagnation area heat flux equation.
diameter of the free jet nozzle.

function defining the axial dependence of the eddy
thermal conductivity in the free jet, defined by
Equation (11).

function defining the axial dependence of the eddy
momentum transfer coefficient in the free jet,

defined by Equation (10).

function defining the Mach number dependence of
the eddy momentum transfer coefficient and the
eddy thermal conductivity in the free jet, defined
by Equation (10).

gravitational conversion factor.
enthalpy.
nozzle to plate distance.

number of last line of the free jet finite differ-
ence network in the z-direction.
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J = number of the last point of the free jet finite
difference network in the r-direction.

k = thermal conductivity.

h = height of the differential fluid element used in
the derivation of the impingement region integral
momentum boundary layer equation.

M ~ = initial jet Mach number.

n = constant in exponent of the impingement region
power profile for velocity.

N = Eckert number,

Ec
N = Prandtl number. )
Pr .

NRe = Reynolds number.

P = absolute pressure.

q = heat flux.

Q =:variab1e defined by Equation (50).

xr = radial coordinate.

'R = dimensionless radial coordinate, r/D.

t = temperature.

: -

T = dimensionless temperature, (t-ta)/(tj-ta).

Ve - = radial velocity.

Ve - . = dimensionless free jet radial velocity, Vr/sz‘

w = variable defined by Equation (53).

vy = free jet axial velocity.

v, = dimensionless free jet axial velocity, vz/vzj.

b4 =Vimpingement region coordinate normal to plate.
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‘Z = free jet axial coordinate.
Z = dimensionless free jet axial coordinate, z/D.
Greek Letters
B(r) = variable in stagnation area heat flux equation,

- defined by Equation (40).

Y = heat capacity ratio.

T = boundary layer thickness.

AP = gauge pressure.

AR = free jet finite difference step size in radial
direction.

AZ = free jet finite difference step size in axial
direction. ’

€y "= eddy kinematic viscosity.

n = variable in stagnation area heat flux solution,

defined by Equation (41).

K = eddy thermal conductivity.

A =-viséosity.

B = kinematic viscosity. . .

Ra V = impingeﬁent region dimensionless radial coordiéate,

"defined by Equation (23).
o = 3.14159~——~- . |
= density.
= diménsionless free jet density, p/pj.
T . = sghear stress.

Tz = shear stress exerted in the z-direction on a
fluid surface of constant r . ’ )

TR TR R R N
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Subscripts

a
c
ct

cv

- denétes ambient cénditions.

- referring to outer edge of stagnation area.
- referring to potential core for temperature.
-rreferring'to potential core for velocity.

- denotes conditions at the edge of the impingement
region boundary layer.

- denotes the radial extent of the potential core
for velocity.

.= denotes initial jet properties.

- denotes cenfer-line properties.

- denotes radial component.

- denotes stagnafion point conditions.
- réferring to energy equation. |
- referring to momentum eéuation.

- denotes conditions at the wall.

- denotes axial component.

- referring'to the free jet radial position where
vz/Vzm=0.5. ' )

- referring to the impingement region radial posi-
tion where Ap/Dpg =0.5.

Superscripts

o]

(t)

- denotes stagnation conditions of the uniform flow
in the solution of Kemp, Rose, and Detra (26).

- referring to turbulent flow.
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{ ~ = denotes fluctuating component of turbulent flow
variable.

) ~ denotes time averaged componenﬁ of turbulent flow
variable. :
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APPENDIX 9.2

The Derivation of the Boundary Layer Egquations for

a Compressible, Axially Symmetric, Turbulent Free Jet

The general equations for the conservation of mass,

momentum and energy (41) are as follows:
Continuity:
42 -—
T ECerw) + 55 Cov) =0 (*-1) \
L 4
Momentum, r-direction:
BVe 4 ., e — A mBv 4 Dv_Anm
eV o TRoVv2SZ T T For TIHSH 3w
A 3y 2.
LY~ az* (a-2)
Momentum, Z-direction:
i . . - .
x R i
. OV oV, A DVz 'V
ovy — A 2 Vz
evr 37 +9Vl’é—{— r or + o9r*
- ' Bve Stwe
t+35% 52 T M5 N
4 Vv 2 v
R P = (a-3)
Enerqgy: )
. K >
QVGC-g—t: -+ PVLCP —g—% = —r-a“‘;,_- -+ k-—:1
TR S T o S T REATII  TITE S TS E T e e s e T T T P TR TR = SRR TR ‘:,??f'ﬂ%n,:g
1
!
j
i

i
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R R AT S
_%@_%% I avt)z+2 av:%%

( QV;) : - "_ -
a-4)
Pressure gradiehts and buéyancy terms are.neglected for sub-
sonic free jets (1), and the heat capacity, viscosity and
thermal conductivity are assumed constant.
9.2.1 Bounaary Layer Assumptions

In order'to.apply the boundary layer assumptions, the
equatioﬁs must be put inté a dimensionless form.by making

the followiﬁg substitutions,

R=E C . (a-5)
7=z : o B . :
e
j \, = Nz . . A-8
2= ‘ (n-8)
e ST T TR M R v - AR T R R S T T T R e T B T P T NS T BT T e
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P=£- (A-9)
] }
— 1-1s '
Tt te (r-10)
Thus the dimensionless equations become
Continuity:
& S (PRVa) + 2 (PV)=0 (A-11)
Momentum, i‘—direction:
Vg Ve — 4 | 1 2V 4 1 3V
:PV“ 9r TPV2 357 =3 Nm R PR +F RNn. DR
—4 1 Ve 11 3V,
3 Np, R’ T3 N 95K |
i 'k
+ o (35) a-12)
Moment\;.tm, Z-direction:
. oy BV Ve _ L 1 Ve A
PVR-9-R+PVZ_9—2—NRQ-§-3R+NR; IR
; S 1 9Vs Vg
s T3 R5Z + W Brez
3 A LY 21 Ve (a-13)
3 +55n 5% T swa e oY
]
1
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Energy:
Padh £ PV B = e 4 3R W O
, “"Na.“N‘pr"'%% + 58 (3%
44 (7 4 28
44 mw;%%%>
— 4 YR+ (38
't:—,;( ng ‘B S‘Q‘ (a-14)
where h v - . ) ‘ ) »  - o i
Noe :"D-VHII_,?'L" K | . | (A-15)" j
Np = &;:C*'“ o ' - (a-16)
Ne = SGm a1

' Makin.c; the standard boundary layer assumptioﬁs that the thick-
3 " ness Qf the boundary .layer is. very small compared to the
length and that the velocity along t‘he boundary layer is
3 much larger than the velocity across the boundary layer,

the follow1ng order of magnltude approximatlons can be pos-

.tulated.

3
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R:[I]” a " - @-18)
z=[%] | . 19
e=[¢] | B ', 20
w=[] o ~ a-21)
Pz'[,] _ . ) | :   (1\-22)
T=[1] | | | -. S | B (A--23)

where d = boundary layer thickness
<K

Also, by physical reasoning, it may be deduced (5) that

vo=[H] T e
N, = [‘] o o . B (A-25)‘
Nee= [t ] | | o e

' Ma#iqg these oréer of magnitude approximatioﬁs in the ﬁoun;
dary layer equations,.the'eniire r-direction momentum equa-
'tién and certain terms of the z-direction momentum energy

equation are .extremely small and can be neglected. Thus the

laminar boundary layer equations become

T TR I SR R ST SR e = e WL T




-9.2.2 Time-Smoothing for Turbulent Flow
) Writing Equations (A-27) through (A-29) in the dimen-

sional form, they become

TEGrw + §7 Cevad =0 (a-30)
2 J—— z

ove By + ova 5% = 4 F3 (a-31)

ewColy touG e = k-2l 3-‘»’&) (a-32)

Expanding the continuity equation, Equation (A~30), we have

%——-( evz) + (ev«) + -QV—' =0 (A-33)
Now, writing (gvl) and ( gvr) as the sum of a mean and a
fluctuating component.
WWT-‘,"!ﬁ:S?,p;.ifi'ﬁvi;}g._:;7_':,7';;;_:‘__ - - T S e v e
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Continuity:
' AR CPRVOI+ (P =0 (Ba-27)
Homentum:>
2v: Ve — _m 1D g3V
‘ PVR + P_V‘ QZ; T eivy D R BR (R 9\;) (A-ZB)_
Energy:
2T k 3 T
PV 3 ",’PVZ = %%;5G R R (RoR)
I‘-Vx 2
+ eIDCP(fJ"Tq)(g ) (A-29) .
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(pv) = Cova) + (v o . (a-34)
Cevid= Covy) + (evr)' ~ (A-35)

Note that average values Aare obtained by averaging over a
time period which is long enough to obtain a mean value but
éhort enough to show the transient behavior.

Subst;j.tuting Equations {A-34) and (A-35) into Equatién
(A-33) and "time-smoothing™ by averaging over this time

period, the "time-smoothed" continuity equation is
- I 2 (P) B
'9—2—(9\(2)"5- 5 Covy) + _9.\;_._ =0 ,(}-\.-36)
~since C =0

and 19 Bl Y

The momentum equation, Equation (A-31), written in a

different form, becomes

. Sy Dve — M 13 '
QV: 57 YOV 5 = ¥ or (v 5¥)T Ty gy (v

i (A—37$

Multiplying the continuity equation, Ecjuation (A-30), by Vy

and theﬂ adding it to Equation (a-37), we have

E
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Bl Frlowov] + e

= — 8%z __ (r-38)
or r : : :

Again, the variables will be defined as the sum of a mean

and a fluctuating component.

Ve=V v, R . (a-39)
<« —_— o [ ' o . -
'l'rz —_ 'frz.+ ’rrz_ . n - ) o (A—40)

Substituting Equations (A-34), (A-35), (A-39) ,' and (A-40)

_into Equation (A-38) and time averaging, we have

-g?_[( pva) Ve (pva' Ve ]+ %FB ova V7 + (pvr)' Ve ]

chg

!

Multiplying the "time-smoothed" continuity equation, Equa-
tion (A-36), by V; and subtracting it from Equation (a-41),

we have

v—':‘:%‘\,;‘[\’_(E’VJZ Vzl l_...%‘_z. {'_(?VL') Vi ] . ' (A—_42)‘

+ o ' w I=-5 =% e
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The boundary layer assumptions applied to this eguation show

thatr
+3=[rev've | D % [Covy v, ] (A-43)

Therefofe the "time—smoqthéd" momentum equation becomes

Govo) 2% + Z—“er Vl_:—J;—?’—( !

3 (e ]y et

"Adopting the usual notation, we can define the turbulent

shear stress or Reynolds' stress, and then use Boussinesq's

~

definition of eddy kinematic viscosity to get
W _ - oY - ' ‘
[c?m vi' = 2 = —5e 3 (A-45)

Thereforé, the "time-smoothed"” momentum equation becomes

7 C?Vz) gvz + (QVr) 'a\/z panl —'"F %_Y_: Y-;C—rz_ + 'frﬂl

— — oVz -4
il —:;-%;E‘(M—\-Qe\,) avr] (A-46)

The énergy equation, Equation (A-32), written in a slightly
different form becomes

- PP 1774 -
Y ov (‘_qr’ ’T.'rz ar . (A 47)

a2t
QV\—CP ?.é—t + QVzCP 5—
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Multiplying the continuity equation, Equation (A-30), by

and adding it to Equation (A-47), we have
o2y [euot] + CoZr [ouat] + gt

= '—_‘\7 %; er.. — Trz 9—"—‘ (r-48)

*  The momentum equation, Equation (A-31), multiplied by v, is

§__'L '3\/ — a'(r; — Vz’frg -
evl 2z -+ QV..V: -_— Vz 2r r (A 49)

.fhe first two terms of Equation (A-49) may be expanded to

give
R T -
5 — 3oy
QVive BF = 5B Cove W) — - vt R (A-51)

Substituting Equations (A-50) and (A-51) into Equation (A-49),
we have ) -

2 12 Hpvy
+ 3o~ 5w B+ 5 B Cowend)

A - a-52)

Multiplying the continuity equation, Equation (A-30), by

Lv,* and adding it to Equation (A-52), we have

nf=

F o e e e s = —.
T P T = A T e T T e T R s e T T T T T R T T T T e Y R e T e TR R T TN TR T T T TTE T TR T
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' k3
5 57 o)+ S 3 Cowy + 5 e¥eve
= B e - oesa

The addition of Equation (A~53) to Equation (A-48)

gives

C’%ZBQVZ)"]“'C:,%;EW,)Q.;. &ﬁ%i

'

[ 3 L2 2 1 - 2
+ 5 3% CP‘{z) + = 7‘:(9\/,\11)4—2 -er—vl

. _12 . 2 V. 2
=TV R (rq ) — Sl Te) - A (a-54)

Again the variables will be defined as the sum of a mean

and a fluctuating component.

qv'—‘-"q_r +q, * T aess)

Substituting Equations (A-34), (A-35), (A-39), (aA-40),

“and {(A-55) into Equation (A-54) and time averaging; we have

Co 32 [GoT + (e 1]+ o B [Gw)T + Gowar 1]

+ S [EOT + Gt ] + 535 (W + G

T TR T TR TR T TR Ty R T T T L S SR T
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+ 2 (ov)' v, V,_ + (pv)' vy _] + = 2_ ar[C?VQE:L

+(?w)-\;? + 2 (pv.»)’vz_'vz, + (gw)' V,_’" ]

L[ + @V + 2wy, %

(rg) — 2= (@ T + 34D

U]Q)
S

A Cev)' Vv J =-+

Lo T ' ’ ,
.—'F(Vz,;?:t +V1.'frz) _ (A_ss)

This eguation will now be converted t§ the stahdard
form by usiAng the "time-smoothed" continuity énd' momentu;n
equations.> First, the "tixﬁe—smoothed" momeﬁtum equation,
Equation (R-44), is multiplied by V; to give

— 97 Vi o
(eVzM 3s 4_‘ v T =—% %? e

% 3 [}

Expanding the first two terms of Equation {(A-57), we have

(A-57) ’

-1 3(s3) (A-58)

| —2 3(pvr) (A-59)
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Substituting Equations (A-58) and (A-59) ‘into Equation (A-57),
we have

1 1 — .

Z% [(cwz)vz ]—"'_'Vz 3%’%) -+ —z%— [ce r)v;‘]

2 lz é?;f'_) b 523 \—/rz-g?_ [(er) V':. ]} (A-GO)

<l

Next, the "tir_ne-—s;moothed" continuity equation, Equation (an-36),

‘is multiplied by ::-,: v: to give

d -2 2pV) ,L—la(e_\;ﬂ __!_.(EVI')VZ. —
ZV2 T3z TZ Ve S5y Y2 —O (a-61)

=wP-IBE L) we

Now, subtracting Equation (A-62) from Equation (A-56), we

have

Cr 3z [(a7T ] + Co 2 [ 1] + Co 3 [(avdT)

+eeF o™ ]+ FLemT] + & \-_tem‘?’]

LD o T vt T ' :
+ L5 [Fov + 2 Gva'w! W+ Cevay i |
D R s e e e e 0 S L e Ja st R il
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+%%[cgmvz + 2 vV V4 Cpva' v ]
2 [V + 2 Gova' W i+ Cevoy'vi )

err)—'?'_r- g\: "‘g"[Vz 'lr‘r.:]

Q)IQ!

—L
="

3 T
+ o or {r [(PV') Va ]} o
. - (A-63) !
The turbulent flow continuity eguation, Equation (r-36),

multiplied by Cet gives

CoF 22 (W) + CF 3o (o + &EEE. = ¢ (A-64)

Subtracting Equation (A-64) from Equation (A-63) and rear-

ranging, we have
(-Q_\TL)C.P %_;_‘ + (Wr)C?aair' = —Cp %‘.Z [_((JV‘LYT ]
—Ce or E(Qv.-) T] [ Q\Ir) t ] —_ -‘-2-_%—7—_ E(Eﬁ)rvi"]
\

'—g [Qv-,) v V-,_] —Zaz[((wz)v ]—T ;[Ce_vr)?]

—Br[Cev? %] =+ 3 [Covr v ]— 4 [ i)
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vl w] — v [Covav" ] —+ 2 ¢ rqr

TS~ Selw ] —
+ %3 (lenw]) e

By applying the boundary layer assumptlons, the follow-

ing approxlmatlons can be made.

c,% [(evn’Jr' 1»cs %—z[c eva)'t | (A-66)

Feled'v' B)» 55 (v

(A-67)
+ _l— 3‘,. [(QVI’) Vl 1 )
T %"{‘ » %—: [m] + =T i . (a-68)

Also, all trlple correlatlons are extremely small compared

to the other terms.

Using these approximations, Equation (A-65) becomes

CvICe 3L + (gwn Ce 3L =~ 2 [Gev ¥ ]

- ’g‘;‘"[( eve) f'l - %‘; [(evy)' vy -\7;_]-—' ‘—\_E(er\'\h: 7,_]

TV RO — T T+ R ([ v ) (A-69)




-128-

However, it may be noted that

e ",'?%r—[r (Q\’r\ Vx.'—\-l_;_]: %%{r[m]}
+ [( év.)' vl'] %V-:!‘ (A-70)

. Substituting Equation (A-70) into Equation (A-69), we have

GVICe 2 4+ (eI G = — L2 2T vt )

— v HOE T SR —[Cova'v ] 22 (a-71)

Now, a turbulent heat flux and an eddy thermal conduc-

tivity is defined.

Collevt =g = —w 2L ‘  a-72)

we have

@I 3L + (TG 3 =~ 5 [r (g +a™)

_— Y. a7
= (B v ) 32

Substituting Equations (A-~72) and (A-45) into Equation (aA-71),

V = T"‘%E(”"‘)%] *{C*ﬂ' ee) (33)7) (A-73)
i ' N
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Finally, dropping the bars above the "time-smoothed"
variables and neglecting the laminar momentum and heat fluxes
in comparison to the turbulent fluxes, the turbulent conser-

vation equations become

2-Cev) + L2 (rovr=0 . (a-74)
?Vz%*vzs‘ + QW% = "F%;[r(pe.) %vf] - (n-75)
, o1 2t . 1_3 2%
oveCey +owCe 50 = + 57 [rv &7
o g 5
+ Coen) (2%  (a-76)
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APPENDIX 9.3

The Free Jet Calculational Technique

9.3.1 Description of the Calculations

"The object of this calculational technique, which was
implemented by the computer program listéd in section 9.3.3
of this Appendix, was to obtain the velocity and temperature
variation in the free jet region. The only input data for
these computer calculations which were changed when calcu-
lating results for the various experimental runs, were the
initial jet velocity ==Vzj , the initial jet temperature --
tj' the ambient temperature -- t,, and~the value of F(M) at
the initial jet Mach number. . | B S

The step sizes can be left unchanged for most free jet
calculations. Hwang and Fan (14) defivéd a condition for
thevmaximum‘step size ratio which should be used in order

to reduce truncation errors. This condition is

PV: AR A ,
<< 2. (n-77)

12 A, AZ
. ®

.

In the present work, the step sizes were'varied within the

finite difference network. The condition imposed on the
choices of either the AR% or AZS was that the largest step
size should be an integral multiple of both the smallest and

the intermediate step sizes.
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In the calculations, for a line of the finite difference
ﬂetwork at Z+AZ, the axial position was first checked to see
which of the step sizes is to be used for that line. Then,
values of velocities, temperatures, and densities, for the
first iteration were assumed to be the values of these vari-
ables at the previous line, or at Z . At this point, the
eddy transfer coefficients, which are a function of axial .

- position, were calculated. The simultaneous equations for
the temperatures at the points along thé line at Z+Q7Z were
solved with Thomas' method (12), and these temperature§ wefe
used in the solution of the simultaneous ;quations for the
axial veiocities-along the same line. Then, both of thesé
newlyvcaléulated quantities were used in the finite differ-
ence form of the continuity equation to calculate the radial
velocities, | ‘

This completed an iteration. Reachiné this point,
qustein'é (13) procedure for accelerating convergence was
applied. This consisted of merel? replacing thé velocities
and temperatures just calculated with a weighted average‘of
the newly calculated values and those from the previous

iteration. The iterative process was then checked for con-

vergence,  Convergence was considered to have taken place

when the velocities and temperatures of two successive

T R T vy T s e e .
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1£er§tions were the same within 0.25 per cent of their
values at the jet nozzle, Three to seven iterations were
‘usually required to obtain a converged solution for one
line of the network. Calcu1a£ions were tben made for the
next line and this procedure was carried downstream until
a prescribed limiting axial distance wés reached.

The output from the computer calculations consisted of
the radial distribufion of axiai velocity, radial velocity;‘
_temperaégre, and density at eachrnozzle diameter of axial |
distance. All of these variables were printed out in the
dimensionless form.
9.3;2 Computer Program Nomenclature
Indices 7
N=},2,3“', J--humber of points.along a linebgf £he finite

difference network

-

:'Nonsubscripted variables
AT--the absélute temperature;'
CONST-~the value of F (M) fof that'particular computatién.
CP-;the heat capacity. )
~ CPC--the value of #t(Z)and £,(Z) in the core regions of the

| frece ﬁet; '

DELR--the AR at the line of calculation,

T T R T T T e T T R T N T SR I T R T T A TR W I R Y T, T e S ey
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DELR1, DELR2, DELR3--the smallest,-the infermediate size,
and the largest R—direétion step sizes.

DEﬁZl, bELZZ, DELZ3--the émallest, the intermediate size,
and the largest 2-direction étep sizes,

DIFF-the differenge between temperatures of two successive
iterationé. 7

ERROR--the difference between axiai velocities of two suc-

cessive iterations.

FT-= £,(Z) in the free jet
) FVZ——F;CZJ in the free jet

II, IS, IT--the numbers of

analysis,
analysis.

the last lines of the smallest,

" the intermediate sizé, and the largest step sizes

fespécti&ely plus’ one, o

INCR--the iteration counter.

J--the number of points along the line ﬁeing calculated.

JI, &S, JT-~the number of points in the regions of the sm#ll-

N - est, the intermediate size, and the largest step
sizes respecgively.

KNOZ--the numbef of the point Qhose radial position is egual
to that of nozzle wall. - ' v

LIMIT-~the number of the lines of constant Z for which cal-

culations are made.

3
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POS--anrindex to detefmine when Z reaches an integral number

' of nozzle diameters in order to print thercalculated
results. | | L |

PRK-- Afrin the free jet analysis, . S

PRNO--the turbulent Prandtl number. . ,

R--~the radial coordinate.

ﬁEYK—— Avin the free jet analysis. ;

SET--another index whicﬁ,_ﬁhen matéhed by POS, indicateé
that the calculated results should be printed.
TA-~the ambient temperature. R o v"';
THETA--the dimensionless temperature at thé previoua line. 7

TO-~the initial jet temperature.

TOL--the tolerance for convergence of the iterative érocess.
UO--the initial jet velocity. 2 |

Z--the axial coordinate,

ZPOTCw?Z‘f in the free jet analysis,

ZTPC~~7 v in the free jet analysis.

Subscripted Variables - o s

A(N), B(N),_C(N),‘D(N)——constants of the systems of algebraic
equations to be solved, written in matrix form.

OLDRO(N)——fghe densities at points along the preﬁioﬁs line,

3 OLDVR({N)——-the radial velocities at points along the previ-

ous line.

é
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OLDVZ(N)---the gxial velocities at points aloné the previous
line.

RO{N)~--~the densities along thé iine being calculated.

T(N)--the temperatures aiong the line being calculated.

TEST(N)---the temperatures or velocities of tﬁe previous iter-
ation along the iine being caléulated.

VR(N)---the radial velocities along the line Seing calculated.

Vz(N)~---the axial velocities along the line being calculated.
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Computer Program Listing

THIS PROCRAM SCOLVES THE FREE JET PROBLEM BY USING

AN ABBCTT-TYPE FINITE DIFFERENCE SOLUTION OF THE
CCNSERVATICNS EQUATIONS.

INPUT CATA
" TC-JET EXIT TEMPERATURE,DEG. R

TA-AFBIENT TEMPERATURE,DEG. R

"UC—-JET EXIT VELCCITY,FT./SEC.

‘DELZ1-FIRST Z~-CIRECTICN FINITE DIFFERENCE STEP SIZE
CELZ2-SECCND Z-OIRECTICN FINITE DIFFERENCE STEP SILZE
DELZ3-THIRD Z-CIRECTION FINITE DIFFERENCE STEP SIZE
CELRI-FIRST R-CIRECTION FINITE DIFFERENCE STEP SIZE
CELR2-SECOND R-DIRECTION FINITE DIFFERENCE STEP SIZE
CELR3-THIRL R-CIRECTION FINITE DIFFERENCE STEP SIZE
PRNC-TURBULENT PRANDTL NUMBER

TCL-TCLERANCE FOR JTERATIVE CONVERGENCE

II-NUMBER CF LINES OF THE FIRST 2-DIRECTION STEP
SIZE PLUS CNE.

[S—NUMBER CF LINES OF THE SECOND Z-DIRECTION STEP
SIZE PLUS CNE. '

IT-NUMBER CF LINES COF THE THIRD Z-DIRECTION STEP
S1Ze PLUS CNE. ‘
JI-NUMBER CF LINES CF FIRST R-DIRECTION STEP SIZE
JS—NUMBER CF LINES CF SECGND R-DIRECTION STEP SIZE
JT-NUMBER CF LINES OF THIRD R-DIRECTION STEP SIZE
KNOZ-Z-CIRECTION LINE NUMBER OF NOZZILE
LIMIT-LIVMITIMG NUMBER OF ITERATIGNS

CIMENSION CLEVZ(S5C1),0LCVR{501),0LDRO{501},VZ{501),VR(

X5C1},T{5C1),

1RC{501),A({501}),B(501),C(501),D{501),TEST(501)
REAE (1l,1CC) TO,TA,U0,DELZ1,DELZ2,DELZ3,DELR]1,DELRZ,DE

XLR34PRAC,TCL

FCRVAT (EF10.0)

REAC (1,2CC) I1,41S,ITsJ1sJ5,JT+KNOZHLINMIT
FCRVMAT (8I5)

REAC (1,3CC) CONST,CPC
FCRMAT (2F10.0)
PAR=0.333

J=J1I

KAPPA=CELR2/CELR]
NU=CELR3/DELR2
PKAP=CELZ2/DELZ1
CVEGA=CELZ3/CELZ]
KANOZ1=KNCZ-1"~

CC 1 N=1,KNOZ1
CLOVZIN}=1.0
CLDVRI(N}=0.0
CLECRC{N)}=1.0

EC. 2 N=KNOZ,J
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OLDVZ(N)=0.C
" CLOVR(N)=C.0
- 2 OLCROIN)=TO/TA
) PC 8 N=1,J
VZIN)=CLCVZIN)
VR{N}=CLCVRIN)
8 RCIN)=CLCRCI(N}
PCsS=1.0
K=2
2001 IF (II-¥) 1€03,20C3,3003
1003 IF (IS-M) 4CC3,5CC3,6C03
4003 IF (IT-M) 2CC0,2000,7003
3003 IPl=¥-1
2=2P)sCELZL
DELZ=0EL 21
" BELR=DELRL
J=JI
PCS=POS+1.0
SET=1.0/CELZ1+1.0
GC T0 1¢01
2003 CC 13 N=1,JI,KAPPA
NEW=(N-1)/KAPPA+]
DLOVZ(NEW)=CLOVZI(N)
CLDVRINEW)=CLCVR(N)
13 OLCROINEK)=CLCROI(N)
DC 14 N=NEW,JS
“OLDVZIN)=0.0
N¥=N-1
RP=N
RPM=N-1
CLOVR{N)=0LCVR{NM)#«RPM/RP
14 CLDRC(N)=TO/TA
6003 ZPl={11-2)
IP2=F-11+1
2=1P1=CELZ1+2P2«DELZ2
DELZ=CELZ2
DELR=DELRZ .
J=JS
PCS=POS+PKAP
GC TC 1C01
5003 CC 15 K=1,J5,nNU
NEW=(N-1)/NU+1
OLDVZ{NER)}=0LOVZIN)
OLDVR{NEW)=CLCVRIN)
15 CLCRO{NEW)=CLCRO(N)
DC 16 N=KNEW,JT
OLDVZI(N)=0.0
Av=N=-1
RP=N
RPM=N—-]
OLDVR{N)=0LDVR(NM)#RPM/RP

i, kb b
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16 CLCRCIN)I=TO/TA

7003 2P2=1S5-11
IP3=M-15+1 :
I= ZPlOCELZ1+ZP2~DEL22+ZP300EL13
CELZ=DELZ3
DELR=CELR3
J=J7
PCS=POS+0OMEGA

1001 INCR=0.0
J1=Jd-1
J2=4-2
ZFOTC=4.73/7((TO/TA)=0.5)
IF (2-2PCTC) 1004,1004,2004

1004 FvZ=CPC
GC TO 3C04

2004 Fvi=1.0

3004 REYK=CCNST«((TO/TA)##0.5)«0LDRO(1)=FVZ
ZTPC=3.43/((T0/TA)#+0.5)

' IF (Z-Z7pPC) 1€05,1005,2005

- 1005 FT=CPC«PRNC
6C TO 3C05

2005 FT=1.0

3005 PRK={CCNST={{TO/TA)*+0.5)%0LORC{1}*#FT)/PRNO
Cl=REYK/{DELR#DELR)
CC1=PRK/(DELR=DELR)

3001 WRITE (2,50}

50 FCRMAT (120HC VZIN) VR(N)
1 T(N) RO(N) M N ' z
X R ' ) -
2) ﬁ
VZ{J)=0.0 ~
T(4)=0.0

RC{JI=TO/TA
8001 A(1)=RC(1)sVZ{1)/CELZ+4.0+CC1
Bll)=-4.0%CC1
b{l})= RO(I)GVZ(l)'(l 0/0LORO(1)}-TA/TQ)/{{1.0-TA/TO)=DEL
XZ)
DC 18 N=2,J1
RP=N-1
R=RP=CELR
CC2=PRK/(2.0#R#DELR}
- CC3=RO(N)*VRI(N)/(2.0%DELR}
CC4=RO(N)«VZ(N}/DELZ
NP=N+1
Nk=N-1
C{N)=CC2-CC3-CC1
A{N)=CC4+2.0%CC1
B(N}=CC3-CC2-CC1
AT=(1.C/RO(N))*TO
CP=171.540.02629%AT-0.00000396eAT=AT
THETA = (1.0/0LDRO(N)}~-TA/TO)}/(1.0-TA/TO)
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18 D{N)=CC4aTHETA+UO*UO/(32.2sCPo(TO-TA) J#REYK#(VZ(NP)sVZ

X

(NP}=2.02VZ(

INPYeVZINMI+VZ(NMI®VZINM)]1/(4.0«DELR=*DELR)

22

DC 22 h=lyJd
TESTIN)=T(N}
cil)=Ccili/ZAall)

0C 19 N=2,J1
Nl=K-1
BIN1}=B(N1)}/A(NL)

TAIN)I=A[N)-C(N)«B[N1)

19

O(N)={CIN)-CIN)I*CINL))/A(N])
T{J1)=ClJ1}

RC{J1I=1.0/(T(J1)«{1.0-TA/TO)+TA/TO]}

EC 20 N=1,J2
Nh=J2~-N+1

NAL=NN+1

20

66

TIAN)=CINN)-B(AN)=sT(NNL)

0C 66 N=1,J
TINI=PAR+TESTI(N)+{1.0-PAR)*T(N)
RCIN}=1.0/{T(N)»{1.0-TA/TO)+TA/TO)
OC 23 N=1,J

"DIFF=ABSFITESTIN)-TIN))

23

9001
R4

17

TTETDERE Me e e par e e

IF(DIFF~-TOL) 23,23,9001
CENTINUE

ERR1=0.0

GC TO 24

ERR1=1.0
A{1)=R0O{1)#*VZ(1)}/0ELZ+4.0sCl
8{1)=-4.0+Cl
D{1)}=RC(1)=VZ(1}+0LDVZ{1)/DELZ
DC 3 N=2,J1

RP=N=1

R=RPeDELR
C2=REYK/(2.0=«R#DELR)
C3=RO(N)=VR(N)}/{2.0=DELR)
C4=RCIN)#VZ(N)}/DELZ
CiN)=C2-C3-C1
A(N)}=C4+2,0=Cl
B{N)=C3-C2-C1
DI{N)=C4=CLOVZ(N)

0C 17 N=1,J

TEST{(N}=VZ(N)
Dll)=C(1)/A(I)

0C 4 N=2'J1

Nl=N-1

B{NL)=B(N1}/AINL)
A{N)=A(N)}-CIR)eB(N1}
DINI={C(N)-CIN)I«D{NL)}/AIN)
vZiJl)=p{J1)

OC 5 N=1.,J2

NN=J2-N+1

»
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KA1=NN+1
VZIKN)=0(NN)-BINNI*VZ[NN1}

DC 666 N=1,J
VZIIN)=PAR*TESTIN)+({1.0-PAR}*VZ(N)
BC &6 N=2,J

Nl=KN-1

RP=N1

R=RPaDELR
CE1=1.0/{(2.C#RO(N))/DELR~RO(NL)/DELR+RO{N}/R)
CE2=ROIN)*{OLOVZI(N)-VZIN))}/DELZ
CE3=VZ{N)=*{CLDRG{(N)-RO(N))/DELZ
CE4=RO(NI=VR{N1)}/DELR

VRIN)=CE1l={CE2+CE3+CE4)

CC 10 N=1,J1
ERRCOR=ABSF(TEST(NI-VZ(N))
IF (ERRCR-TCL) 10,10,5001
CONTINUE

‘IF {ERR1) 26,26,5001
CONTINUE

If (POS-SET) 4001,3002,2000
PLS=1.0

"BC 7 N=1,J

RP=N-1

R=RPs*CELR

WRITE (2,15C) VZIN),VRINYT{N),RO(N) MyNsZ,sR
FCRMAT (4F20.8,215,2F15.8)

CONTINUE

CC 9 N=1,J

CLDVZIN)=VZIN)

" OLDVR{N)=VRI(N}

5C01
6001

1009
7001

250

99
12

9999

2C00

OLDROIN)=RO(N)
WRITE (2,999) INCR

FCRMAT (15)

M=M+l

GC TC 2C01

INCR=INCR+1 :

IF (INCR-LIMIT) 6001,6001,7001
IF{SENSE SWITCH 1) 7001,1009
GC TO 8CO1

£C 12 N=1,J

RP=N-1

R=RP*[DELR

WRITE {2,250) VZ(N),VR{N},T{N},ROIN},M,N,Z,R
FCRMAT (4F20.8,215,2F15.8)
WRITE (2,99) TEST{N)

FCRMAT (F20.8)

CCNTINUE

WRITE (2,9559) INCR

FCRMAT (IS5)

GC 10 2CCO

CCNTINUE
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"I1F(1.0) 3000,3000,1002 ;, .
3000 CCNTINUE '
END o . - -
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1 . APPENDIX 9.4

The Calculational Technique for the Stagnation
Area Heat Flux Distribution and the Static

Pressure Districution on the Flat plate

9.4.1 Desoription of the Calculations

A The object of tﬁe calculationai procedure, which was
implemented by the two computer programs listed in section
'9.4.3 of the Appendix, was to obtain the static pressure
distribution on the plate and the stagnatlon area heat
flux dlstrlbutlon. The flrst pProgram was used to compute
‘the static bressure distribution and the stagnatlon p01nt
heat flux. The second program was usedrto compute the
stagnation area heat flux.

The input to the flrst computer program included the
nozzle to plate: dlstance, the nozzle diameter, the jet exit
Veloc1ty, the jet exit temperature, the temperature of the
Plate at the stagnation p01nt, the ambient temperature,
and the barometric preseute. Also, velocities temperatures,

-and densities on the center-line of the free jet as deter-

mined by the free jet solution were read in as input,

P

To‘begin a particular calculation, the total velocity

head of the free jet flow was calculated at several axial
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-of the pressure distribution, r,

" temperature on the center-line of the free jet as a function

-143-

positions, and these calculated values were fitted with a

"

least squéres polynomial. The gauge static pressure on the
plate at the stagnation point was taken as being equal to

the total-velocity head at an axial position corresponding
Then, *half-width"

to the nozzle to plate distance. the

s ¢+ was calculated using

Equation (26).

At this point, another least squares procedure was used

to obtain a second order polynomial for the stagnation

of axial position, This second order polynomial was used to

determine K for use in the stagnation point heat flux cal-

dVr'

Calculating (d,.:E with Equation (34) and noting

culation,

ﬁhat 8(r) is 0.5 at the stagnation point (26}, q, at the

stagnation p@int was caiculated by using Equation (39).
The input to the second computer pfogram included the

barometric pressure, the static gauge pressure at the stag-

‘nation point, the “half-width" of the pressure distribution,

- and the stagnation point heat flux calculated by the first

computer program. The measured plate surface temperatures
and their axial positions were also input data to the pro-

gram.,
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To begin the computations, a least squares procedure
was used to obtaih a third order polynomial for the surface
temperature of the plate aé a function of the radial posi-
tion.. Next, v, was calculated from Equation (38) at a
nunber of :adial positions,randvKuation {(41) was numeri-

cally integrated by using Simpson's Rule (29) to give m(¥).

Then dVee yas determined by Equation (42). These intermediate

dr

results were used in Eﬁuation (45) to obtain O(r) which, in

turn, was used in Equation (39) to calculate qw for the

" stagnation area. Thus, two rélatively simple computer

programs were used to calculate the static pressure distri-v
bution on the plate and the stagnation area heat flux dis-
tributien, |
9.4.2 Computer Program Nomenclature

. - vProgram i

Indices

.N=1,2,3---,NF-~Nunber of points for least squares data fits.

Nonsubscripted Variables

AP--the ambient or barometric pressure.

‘DO-~the nozzle diameter;

DVRMS-—(%%F)S in the impingement region analysis.
éMUWS-—the viscosity of air at the temperature of the plate

at the stagnation point.
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INDEX--the numbér of the experimental run,
HCRAT-~the heat capacity rafio.
HNTOP--the nozzle to plate distance,
HS--h in the impingement region analysi;.
HWS=--the énthalpy of air at the temperature of the plate atr
the staénation p&int.
NF--the total number of poinés for the least sguares data
fifsn _V
PARl—~ PAR 6--the constants in the ie;st squares polynomials.
PR--the laminar Prandtl nuﬁber. ‘ v S
Wsc-Fthe calculated stagnation point heat flux. o .h;- |
--QéM-—the measured stagnation point heat flux. - o
ROMS--the density at the edge of the impingement regioﬁ
boundary'iayer. - ‘ :
R5--the "half-width" of the pressdré distribﬁtion on the

"~ .plate.

"'STS-—temperature>at the edge of éhé impingement regién pquﬁ;
dary layer. | :
{ - TO--the initial jet temperature.
é . TS--the stagnation temperature cofrespohding to W .
i . TWS~~the piate temperature at the stagnation point. A
TVIIPS~--the gauge gtatic pressure on the plate at the stag-

3 nation point.
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UO-~the initial jet velocity.

Subscripted variables
RO(N)--densities at the free jet axis.
VZ(N)--axial velocities at the free jet axis.

T(N) --temperatures at the free jet axis.

'Z(N)-~axia1 positions in the free jet,

e Prdgram 2

Indices
-

oA S R . ,
N=1,2,3--—~,NF--number of points of least squares data fit.

>N-1,2,3,——-,NI——number of points for numerical integration

 procedure.

Nonscripted Variables

. AP--the ambient or barometric pressure.

cl, c2, C3-—constantsAof the polynomial for stagnation tem-
peratures on the center-line of the free jet as a
function of axial position.

DELR-~the step size for the numerical integfation of ﬂl(r);

" DO--the nozzle diameter.

HNTOP--the nozzle to plate distance,

INDEX--the number of the experimental run.
NI--the number of points for the numerical integration.

NF--the total number of points for the least squares data fit.
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PAR1—-»PAR4-—the constants in the least squares polynomial,

QC--the calculated heat flux at some radial position in the
s£agnation area.

QSC—;the calculated heat flux at the stagnation point.

ROW--the density of air at the surface temperature of the
plate.

ROMS~~the density at the edge of the impingement region

- boundary layer. V 7

R5—~tﬁe "half-width" of the pressure distribuﬁion on the
plate.. : -

ST5--the temperature at the edge of the impingement fegioﬁ
boundary layer. . |

TVHfs——the‘static pressure on the élate at the stagnation
point. '

TW—-the surface temperature of the plate.

VRM——ivn_in.the impingement region analysis.

Subscripted Variablés

BETA (N)-—-the values of 8(r) . . ' C .
R(N)--radial positions of the numerical integration.
TP (N) --measured plate surface temperatures.

ZETA (N) --the values of wm{r).
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9.4.3 Computer Program Listings
PROGRAM 1

CALCULATIGN CF THE STAGNATION PGINT HEAT FLUXES AND
THE STATIC PRESSURE AT THE STAGNATION POINT FROM THE
RESULTS OF THE FREE JET SOLUTION ANO CERTAIN GIVEN
CONCITIONS. . -
INPUT DATA R ’
HATCP-NOZZLE TQ PLATE DISTANCE, INCHES
DC—NGZZLE CIAMETER, INCHES
UC~VELCCITY AT MNCZZLE EXIT+FT./SEC.
JC-TEMPERATURE AT KOZZLE EXIT,DEG. F
ThS-WALL TEMPERATURE AT STAGNATION POINT.DEG. F
OSM-MEASURED STAGKATION POINT HEAT '
FLUX, BTU/PR.-S5G. FT.
AP-AMBIENT PRESSURE,PSIA
NF~ NUMBER CF POINTS FOR LEAST-SQUARE FITS
INDEX-NU¥BER OF EXPERIMENTAL RUN
VZ{N)-VELOCITY AT FREE JET AXIS,DIMEMNSTONLESS
RC(N)-CENSITY AT FREE JET AXIS,DIMENSIOMNLESS
TIN)-TEMPERATURE AT FREE JET AXIS,DIMENSIONLESS
Z(N)-AXIAL DISTANCE FROM JET NOZZLE,DIMENSIONLESS
DIMENSION VZ(40),RC(40)4T(401,X{40),Y({40),A(3),B(3),4CI(
X3).D(3),RA(3

1},CA(3),CAL3), TDEGR(40),SSNX2(40)yST(40)aTVHP(éO)'2(40
X} sV(40),vV2(4 . .
20)

87 REAC (1,69) HNTOP,CO,U0,TG,THWS,TA,QSM,AP
99 FCRMAT (8F10.0) .
READ (1,333) NF,INCEX
333 FCRMAT (215)
REAC (1,100) (VZIN) ROINI,T{N},ZI{N) N=1,NF}
100 FCRMAT (4F10.0) . -

© TC=T0+460.0 ’ .
TA=TA+460.0
ThS=THS+460.0
RCU=53C.0+C.C808/T0
HANTOP=HNTOP/QO
CC 1 N=1,NF
TVHPIN)=ROO0«UO=sUO*ROINI=VZ(N)I#VZIN)/64.4
Y{N)=TVHP(N)

1 X{N)=Z(N}
N=NF
DC 4
A(J)
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A{J)=A{J)+(X(1)=2e(J~1))
B(J}=BlJ)+{X([)eaJ] .
ClII=CLNI+{X(T)ee(J+1))
5 0(JI=ClJI)+{{X([)ea(Jd=-13)>Y{I))
IF (ACJ)) 4,86,4
& CONTINUE
All)=N
D(1)=0.0
- BC 42 I=1,N
42 C(11=Di1)+Y{])
CC 6 J=2+3
BaA(J)=(B(J)/7ALI)-1BLL)/A(L]))
IF (BA{J)) T+86.7
7 CALNI={CLI)/AlINI~(CLL)/ALL))
6 CALJI=(D(JI/A(IN)=LD{L1)}/A(1))
Ce=(CA(3)/8A(3))}/{CA({2}/BA(2]))
CE=(CA(3)/BA(3))-(DA({2)/BA(2))
: PAR3=DB/CB .
’ ' PAR2=(CA(3)-CA(3)=PAR3)/BA(3)
PARLI=(C(3)-C(3)sPAR3~B{3)2PAR2)/A(3)
DC 28 J=1,N
VI{JI=PARI+PAR2#X(J)+PAR3«X(J)=X(J)
28 V2(Jl=viJl=viJ]}
SLMV=0.0
SUMV2=0.0
DC 29 J=1,N
SLMV=SLEV+V D)
29 SLMV2=SUrV2+V2{J]
WRITE (2+94) INDEX

XIi2)
WRITE (2,999)

. X PRESSURE VE
v 1RSUS AXTAL PGSITICN) |
WRITE (2,95) PAR1,PAR2,PAR3,SUMV,S5UNMV2

XUNV=E18.8/7H ‘

10SUNMV2=E1T7.8//)
TVHPS=PAR1+PAR2«hNTOP+PARI«HNTOP#HNTOP
TVHPS=TVHPS/144.0 ,
RCWS=530.040.C8C8= (TVHPS+AP)/{THS*14.7)
R5X2=1.388+RCO*U0*U0/{8.0%32,2+TVHPS#144.0)

3 RS=(R5X2%s(.5)

3 ' RSFT=R5#L0/12.0

) CC 2 N=1,4NF )
TCEGRIN)I=TIN)«{TO-TA}+TA :
SSNX2{NI=VIIN)*V2ZIN)/{2402.96*TDEGR{N})

 HCRAT=1.430-0.000C513«TDEGR{N}
Z22={HCRAT-1.0)/2.0C

e

94 FCRMAT- (43H1 THIS CALCULATION IS FOR EXPERIMENTAL RUN

999 FCRMAT ([74HO PARAMETERS FOR FIT OF TUTAL VELOCITY HEAD

95 FCRMAT {(6HOPARLI=E18.8/6HOPARZ2=E18.8/6HO0PAR3=E18.8/6H0S

T R R P S PN
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STIN)=TDEGRIN)&«(1.0422%SSNX2(N))
YINI=STIN)

2 XIN)=Z(N)}
N=NF
BC 14 J=1,3
AlI)=0.0
B{J}=0.0
“Cl{J)=0.0
C{J)=0.0
CC 15 I=1,N
A(JI=ALI)I+(X(1)ex{J-1))
BlJ)=B{I)+(X(1)esJ)
ClII=CLII+H{X(T)=={J+1))

15 DUI)=D{I)+{(X(I)es{J=1))aY(]))
IF (A{J)) 14,B6,14

14 CCNTINUE

CA(l)=N
Bi{l1)=0.0
CC 142 1=1,N
142 DI1)=0{1}+Y(])
_€C 16 J=2,3
BA(II=(BIJ)I/ZA(J))I-(B(L}/4A(1))
IF (BA{J)) 17.,86,17
17 CA{I)={CLII/ALIII-(CLL)I/ALL))
16 DALJY=(CIJIZALIN)I-{DIL}/ALL1))
CE=(CA(3)/8A(3))/(CAI2)/BA(2))
CR=(DCA{3)/BA(3))-{CA{2)/BAL2))
PARL=DB/CB
PARS={DA(3)-CA({3)=PARG)/BA(3)
PAR4={C(3)~C(3)%PAR6~B(3)*PARS)/A(3)
pC 25 J=1,N .
V{J)=PAR4+PARS*X(J)#PARG#X(J)2X(J)
25 vZ2{J)=v(J)av(J}
SLMV=GC.0
SUMV2=0.0
DC 26 J=1.N
- SLMV=SUMVHV ()

26 SLMV2=SUNMVZ2+V2(J)
WRITE (2,998)

998 FCRMAT (&9H0 PARAMETERS FOR FIT OF STAGNATION TEMPERAT
XURES VERSUS
1AXIAL POSITICN)
WRITE (2,96) PAR4,PARS5,PARG, SUMV,SUMV2

96 FCRMAT (6HOPAR4=FE18.8/5HOPARS=E18.8/6HOPARSH=E18.8/6HOS
XUMV=EL1B.8/TH

- 10SUMV2=El17.8//) S _
ZI=KENTCP-3,16%R5 ] T -
TS=PAR4L+PARS«ZI+PARG#2T4Z]
STS=PARG+PARS¢HNTCP+PARG«HNTOP*HNTOP
RCMS=0.0808+ (TVHPS+AP}#530.0/(STS#14.7)
DVSX2=1.388+TVHPS#144.,0#32,2/(ROMS*RSFT#R5FT)
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DVRMS=CVS5X2#40.5
H$=(0.2388+40.00002+TS)»TS
Ha$=(0.23684C.000C2%TWS}2TNWS
GFUWS=C. 000017-((TNS/715 0)#20.5)
PR=0.73 ’
0SC=0.728%({(TWS/TS)»=0. 219)*((ROHS'GMUNS'DVRHS)"O 5)e
X{FS-HWS) #360
10.0/PR
CEV={QSC-QSM)«100.0/QSM
TS=T5-460.C
WRITE (2,97)

97 FCRMAT (100HO TVHPS,LBF/SQ. IN. RS
XN.D. 1S40
1€G. F CSC,BTU/HR.~SQ. FT. DEV,PERCENT)

WRITE (2,98) TVHPS,R5,75,058C,DEV
98 FCRMAT (5F20.8)

IF (1) B86,86,87
86 CONTINUE

END

PROGRANM 2

P Ys s TatatsRataXakatakatatatakaXaakakatakakaka

CALCULATION CF THE STAGNATION AREA HEAT FLUX
DISTRIBUTICN.

- INPUT CATA

INDEX-NUMBER OF EXPERIMENTAL RUN

NE-NUNMBER OF WALL TEMPERATURES FOR LEAST-SQUARES FIT
NI-NUMBER CF POINTS ALONG THE WALL FOR

THE NUMERICAL INTEGRATION.

AP AMBIENT PRESSURE,PSIA

TVHPS—PLATE STAGNATICN PRESSUREPSIG
DELR-RACIAL INCREMENT FOR THE NUMERICAL
INTEGRATION, NOZZILE DIAMETERS. .
RS—HALF-WICTH OF THE PRESSURE

DISTRIBUTION, NOZZLE DIAMETERS.

CSC-CALCULATEC STAGNATIDON HEAT FLUX, BTU/HR.—SQ. FT.
Cl1¢C2,C3-PARAMETERS OF LEAST-SQUARE FIT OF STAGNATION
TEMPERATURES (DEG. R) VERSUS DISTANCE FROM
NC2ZLE(NCZZLE DIAMETERS.

HATGP-NOZZLE TO PLATE DISTANCE,INCHES

CC~NOZZLE CIAMETER, INCHES

START-BEGINNING VALUE FOR LEAST-SQUARE FIT EVALUATION
H-INCREMENT FOR LEAST-SQUARE FIT EVALUATION
FINAL-FINAL VALUE FOR LEAST-SQUARE FIT EVALUATION
TP-WALL TEMPERATURE.DEGREES F.

R-RACIAL POSITIONsNOZZLE DIAMETERS

DIMENSION TP(20),R{80),B01{100),D2ETA(100),2ETA(100),B
XETA{10C) X (1}

lOC)oY(lOO).A(S):B(S);C(S) D(5):F(5)+BA{5),CA{5]1:DA(5},

XFA{S)+CB(5),

T e T A Y R e N T R L T R R Y Y R YR T T O TR e
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20B(5) FB(5),CCI5),FC(5),V(100),V2(100), DYDX(lOO) D2YDX
X{160),VRM(10
30)
200 READ (1,1200) INDEX,NF,NI,AP,TVHPS,DELRsRS,QSC
1200 FCRMAT (315,5F10.C)
READ (1,900) C1,C24C3,HNTOP,DO
900 FCRMAT (SF1C.0)
HNTCP=HNTOP/CO
WRITE (2,94) INDEX
94 FCRMAT (43H1 THIS CALCULATION IS FOR EXPERIMENTAL .RUN-
X12)
READ (1,1444) START,H,FINAL
1444 FCRMAT (3F10.0)
“READ (1412011 {TPIN)4R(N)4N=1,NF)
1201 FCRMAT {2F10.0)
- BC 1202 N=1,NF
“TPIN)=TP(N)+460.0
Y(N)=TP(N)

1202 X{N)=R(N) e T

N=NF
WRITE (2,300)
300 FCRMAT (70HO PARAFETERS FOR FIT OF WALL TEMPERATURE(DE
XG. R) VERSUS :
1 CISTANCE(N.D.))
WRITE (2,33) AT '
33 FCRMATI(B1HO X Y
: X DY/CX :
b D2Y/0x2 /7)
BC 4 J=1,4 :
AlJ)=0.0
_BlJ)=0.0
C{J)=0.0
D(J)=0.0
- F{J)=0.0
BC S I=1,N .
ACI)=ATI)I+(X(T)=e({J-1))
B(J)=8B{J)+{X(I)==J)
SN =CUNI+IX{T)nlJ+1))
DUM)I=D{II+(X(I)2x(J+2))
S Fld)= F(J)+(Y(I)'(X(I)*'(J 11}
IF(A{J)) 4,90.+4
4 CCNTINUE
A{l)=N
F(1)=0.0
“PC 42 I=1,N
42 FILI=F(1)+Y {1} . LT
T DC 6 J=244
VBA(J)"(B(J)/A(J))-CB(I)IA(I))
TIF(BACJ))Y T.50,7
7 Cb(J)—(C(J)/A(J)) (ClLIZAC1 1)
DALJ)= (D(J)/A(J))—(D(l)/A( 11}

T RS LR NN T T T TR T TS
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15

16

27

28
52
98

99

1000 FCRMAT (119HOC N RyN.D. TWy
XCEG. F VRM, .
"1FT./SEC. ’ ZETA BETA QC,BTU/

B T - -153—

FA(II={F{JI/A(J))-(F(11/74(1}]}

CC 8 J=3,4

CB(J)=(CALJI/BALI})}~(CAL2)/BA(2]])

1F(CBLIY) 9,90,9
DE(J)=(CA(J)/BALJNI-{DAL2)/BA(2))
FEIII=(FALJI/BALJII-(FA(2)/BAL2))

J=4

DC(J)—(DE(J)/CB(J))—(08(3)/C8(3))

1fr{CLJ)) 10,590,410
FCOJ)=(FB{JI/CBIJ)I-(FB(3)/CB(3))
PAR4=FC({4}/CC(4)}

PAR3=(FB(4)-CB{4)*PAR4)/CB(4)
PAR2=(FA(4)-CA{4)»PAR4—-CA{4)*PAR3}/BA(4)
PARLI=(F(4)-D(4)#PAR4~-C(4)»PAR3-B(4)*PAR2)/Al4)

DC 15 J=1,N

vidi= PﬁR1+PAR2lX(J)+PAR3iX(J)lX(J)*PAkki(X(J)"3) Y{J)
V2(2)=viJdravid) .
SLMV=0.0

SUMv2=C.0

CC 16 J=14N

SLEV=SUMV+V )

SUMV2=5UrV2+VvZ(J)

X{1)=START

I=1
Y(IJ=PARL+PAR2«X(I)+PAR3«X(I)#X(I)+PAR4»(X{1)ee3)
DYDX{[})=PAR2+2.0%PAR32X([}+3.0+PAR4eX{1)sX(])

" B2YDX(1)=2.04PAR346.04PAR4=X(])

J=1+1

X(I)=X(I-1})+F

IFIX{TI)-FINAL)27,27,28

L=({FINAL-START}/H)+1.0

IF({L)S0,52, 52

CCNTINUE

KRITE (2,98) (X{I),Y{I),DYDX(I),D2YDX(I),I=1,L}
FCRMAT(1H 4E20.8)

WRITE (2,99) PAR1,PARZ,PAR3,PAR4,SUMV,SUMV2
FCRMAT{6FHOPAR1=E1B,8/6HOPAR2=E18.8/6H0PAR3=E18.8/6H0PA
XR4=E18.8/6HC "
1S5LUMV=E18.8/THOSUMV2=E17.8//)

WRITE (2,1CC0O)

XHR.-S5C., FT.)
STS=C1+4C2+HNTOP+C3sHNTOP#HNTOP
TVHPS=TVHPS*144.0
AP=AP=144.0
VRMK=2.0#32.2#TVHPS
DC 1203 N=1,NI
RP=N-1
RI{N)}=RP+DELR
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EPT=—0.694%R{N)*R(N)/(R5#R5)

PPT=EXPF(EPT)
Th=PARI+PAR2#*R{N)+PAR3*R(N)*R{N)+PAR4«R(N) #R{N] *«R(N)
RCH=0.08CA*(PPToTVHPS+AP)#530.0/(TWe14.T7«144.0)
RCMS=0.04808+ (PPT*TVHPS+AP)#530.0/(STS#14.7%144.0})
VISW=0.C00C17=((TW/715.0)#20.5)

VRMX2=VRFK«s (1.0-PPT)/ROMS

VRM{N)=VRH4X24%0.5

BCI(N)=RCW*VISW*R{N)*R{N}»VRM{N)

ZETA(1)=0.0 v

DC 1204 N=3,NI,2

Ni= N—l

N2=N- . -
-DZETA(A)—(DELR/B 0)*(BOT(N2)+4.0#601(N1)+BOLIN))
ZETA(N)=ZETA(N2)+CZETAIN)
EPT=-0.694%R(N)*R(N)/{R5%RS)

PPT=EXPF{EPT)

BT=1.0-FPT
Th=PAR1+PAR2#R(N)+PAR3*R(N)*#R{N)+PAR4=R(N) *R{N)*R(N)
RCW=0.C808% (PPT*TVHPS+AP1#530.0/(TH*14.7*#144.0)
RCMS=0.0808% (PPT*TVHPS+AP)«530.0/(STS#14.7¢144.0)
VISW=0.CCO0L7({TW/715.0)#%0,5)

BTT3P=DBTe*1.5

VRMCT={ (VRMK/ROM4S) #%0.5)

BETA(N)=(1.388#PPT» ZETA(N))/(BTT3P¢R(N)'RS*R5'ROH*VISN

X=VRNCT)
ORAT=0.703%(1.0+0.096% (BETAIN}#20.5)1/0.751
0C=QSC*QRAT
Th=TW-460.0
WRITE {2,1205) N,R{N),TW,VRM{N),ZETA(N),BETA(N],QC
FCRMAT (15,6E19.8)
IF (1.0) 201,201,200
CCNTINUE
END-
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APPENDIX 9.5

The Derivation of the Integral Momentum Eguation

for the Impingement Region Boundary Layer

The differential element ofrfluid shown in Figure
9.5.1 will be used as a basis for'the derivation. The
height of the differential element is greater than or equal
to the 5oundary layer thickness. The derivation follows
that of Eckert-and_Draké (42) for the two-dimensiohalf in-

compressible equation. The mass flow into 1-2 is‘
) . 7 | | } .
Z'n‘so rov,dy ' . (r-78)
and the momentum of the flow entering 1-2 is
24§} rovy dy S (r-79)
The mass flow leaving 3-4 is
v ' \ .l.
21\'g° revedy + 2% éi-‘: {So rev, dy-} dr (n-80)
and the momentum of the flow out of 3-4 is

24§ vovidy + 2w S {§! fev,‘ dy } dr - (a-81)

There is no mass flow or momentum entering 1-3 because

E of the presence of the flat plate. Therefore, the mass flow
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entering 2-4 must be equal to the difference in the mass

flow leaving 3-4 and the mass flow entering 1-2, which is
4 e .
2w 5 {{Crevedy Yar »-e2)

Since the velocity at y==l is taken to be Vye , the momen-

tum of the flow entering 2-4 is
. . : . .
2 Vye —g—;{go rove dy} dr (r-83)

Now, setting the momentum into the differential

fluid element minus the momentum ocut of the differential

fluid element plus the sum of the forces on the .control

volume equal to zero, we have

i ¢ - a ' t
2 8 §4 rew? dy v + 21tvee 37 {55 cove dr}ar
—gcTw 27rdr + 270 vq ph—21hg. s fpridr=0  (a-84)
Simplifying and letting | equal &, , the boundary layer
thickness, the integral momentum boundary layer equation

becomes:

e S §o rovedy} — - { § 2 revay}

= rq.Te + rf,g.de N
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APPENDIX 9.6

The Calculational Technique for the Impingement
Region Boundary Layer Growth and Heat Flux Dis-
tribﬁtion in the Area Outside the Stagnation Area
9.6.1 Description of the Calculations
The 6bject of this calculational procedure, which was
implemented by the computer program listed in section49.6.3
of this Appendix, was to obtain.the impingemen£ reéion tur-
bulent boundary layer thickness and heat flux distribution
in‘the area outside the stagnation area. The input data
fér these calculations included the barometric pfessure, the |
static pressure on the plate at the stagnation point, the
‘nozzle go plate distance, the nozzle diameter, and the cal-
culateé heat flux at the outer ;dge of ;he stagnation area.

The measured plate surface temperatures and their axial posi-

tions were also input data for these calculations.

P Pt e

To begin the computation, a least squares procedure

was used to obtain a third order polynomial for the surface

temperature of the plate as a function of temperature. Then,

Equatipns (38), (42), and (24) were used to caleculate Vve

f&?ﬁ , and fﬁ} at the various radial positions in the Runge-

Kutta numerical integration formulas (29). These formulas

were used repeatedly to obtain W as a function of radial
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posi£ion. Thus, Equation-(SB), which defines W, was used
to calculatevé}ras a function of fédial position,
" Beginning with the ra&ial position of the outer edge of
the étagnation ;réa, Equation'(57) was used to calculate the
heat flux versus radial position. These calculations were
perfbrmed untii some radial limit, usually wi;hin the wall |

jet region, was reached.,  Therefore, the turbulent boundary

layer thickness and the heat flux versus radial position in

'.the impingémént region:outside the stagnation area were cal-
culéted..
9.6.2 Computer Erogram_Nomenclature
Indices '

N=1,2,3,...,NF--the number of points for the least squares
data fit.

Non-subscripted Variables

AP--the ambient or barometric pressure.
'BIASK-—the constant in the Blasius relationship.
cl, c2, C3-—constaﬁts of the polynomial for stagnation
temperatures on the center-line of the free jet as
"a function of aﬁial pésiéion.
DELR—-thé length‘of the increment for the Runge-Kutta sélu—
tion. -

‘DELTA-~dy, the boundary layer thickness.
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DESR~-- dv at the outer edge of the boundary 1ayer;

DVRM—-‘ﬁﬁ'in the impingement region analysis.

ﬁo-—the nozzle diameter,

GMﬁW—-the viscosity of air at the surface temperature of
the.plate. - |

GNUW--the kinematic viscosity of air at the surface tempera-

ture of the plate,

GMUW-~the viscosity of air at the surface temperature of the

plate.
HNTOP-~the nozéle to plate distance.
INDEX~~the number of the experimental run,
NF-~the total number of points for the least squares daté

fit,

PARl—> PARS5~-the constants of the least squares polynomial.

POWER--"n" in the impingement region analysis,

PPDR—-V%$~in the impingement region analysis.

PRESS-the staﬁic pfessure.

QC——the.calculated heét flux at some radial position, .

QESR~--the. calculated heat flux at the outer edge of the stag-
nation area. . 7

R--the radial coordinate.

RESR-~the radial position of the outer edge of the stagna-

tion area.
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RF--the 1imitingbradia1 position for the heat flux calcula;
tions.

RND--the dimensionless radial coordinafe.

ROMS-~the density at the edge of the impingement region.

boundary layer.

ROW--the density of the air at the surface temperature of

the plate.

RO--the initial radial position for the Runge-Kutta numerical
1solution over an incrcmeﬁt.

R5-=the "half—wiéth" of the pressure distribﬁtion on thé

. plate.

.8TS--the temperature at the edge of the impingement region

boundary layer.
TERMl, TERM2, TERM3--the three terms on the ¥igﬂt side of
Equatioq {(52).
TVHPS--the static pressure on the plate a?}the stagnation
- point. ‘
TW;-the surface temperature of the élate.
TWESR~~the surface temperatgre of tﬁe plate at the outer
- édge of tﬁe stagnation area. V
VRM-- V. in the impingement region analysis.
Vl; v2, V3, vd--the four constants of the Runge-Kutta numer-

ical solution.
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W~~a variable defined by Equation (53).
WO-~the initial value of W for the Runge-Kutta numerical
‘solution over an increment.

Subscripted Variables

RP (N) -~the radial positions of the plate surface temperature

measurements,

TP (N)--the measured plate surface temperatures.
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Computer Program Listing

CALCULATION GF THE BOUNDARY LAYER THICKNESS WITH A
RUNGE-KUTTA SCLUTION OF THE INTEGRAL MOMENTUM EQUATION
AND THE ESTIMATICN OF HEAT FLUXES IN THE IMPINGEMENT
REGICN.

INPUT CATA

CELR-RACIAL [NCREMENT FOR THE RUNGE-KUTTA

SCLUTION, NGZZLE CIAMETERS

RF-FINAL RACIAL PCSITION FUOR CALCULATIONS, NOZILE DIA.
BLASK-BLASIUS CONSTANT

PCWER-RECIPRCCAL CF EXPONENT ON VELOCITY POWER PROFILE
R5-HALF-WICTH CF PRESSURE DISTRIBUTION, NOZZILE DIA.
AP-AVBIENT PRESSURE,PSIA

TVHPS-PLATE PRESSURE AT STAGNATION POINT,PSIG
HATCP-NDOZZLE YO PLATE DISTANCE, INCHES
€C1,C2,C3-PARAMETERS OF LEAST-SQUARE FIT OF STAGNATION
TEMPERATURES(CEG. R} VERSUS DISTANCE FROM THE

NCZZLE, NOZZLE DIANETERS

DC-NOZZLE CIAMETER, INCHES

CESR-HEAT FLUX AT THE ENC OF THE STAGNATION

REGICN, BTU/hR.-SC. FT.

NF~NUMBER OF CATA POINTS FCR LEAST-SQUARE FIT
INDEX-NUMBER OF EXPERIMENTAL RUN

 TP-PLATE TEMPERATURE,DEGREES F :

RP-RADIAL CISTANCE ALGONG PLATE,NOZZLE DIAMETERS

START yH,FINAL-STARTING VALUE, INCREMENT, AND FINAL
VALUE FOR LEAST-SQARES FIT EVALUATION

DIMENSICN TP{S0}4RP{90)+X{90),Y(S0),A(5),8(5),C(5),D(5
X)yF(5},BA(5)
1+CA(5),0A(5),FAI5),CB{5)DB(5),FB(5),0C(5)},FCI5),VI{90)
Xev2{90},CYLX
2(50),D2YCX(90)

READ {1,2) DELR,RF,BLASK, PONER,RS,AP TVHPS HNTOP
FCRFAT (8F10.0)

REAC (1,112} C1,C2,C3,D04QESR

FCRMAT (5F10.0)

READ (1,110} NF,INDEX

110 FCRMAT (215)

READ (1,3) (TP{N),RP(N]},N=1,NF}

3 FCRMAT (2F1C.0)

88

REAC (1,88) START,H,FINAL
FCRMAT (3F1C.0)
-WRITE {2,5C0) INDEX

500 FCRMAT (43H1 THIS CALCULATION IS FOR EXPERIMENTAL RUN

X12)
WRITE (2,6C0)

600 FCRNMAT (69HO PARAMETERS FOR FIT OF WALL TEMPERATUREI(DE

XG. R} VERSUS
1 CISTANCE(FT.))
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START=START#L0/12.0
H=HsD0/12.0
FINAL=FINAL*C0/12.0
CC 111 N=1,NF
TPIN)=TPIN)+460.0
RP(N)=RP(N}«L0/12.0
Y(N)=TP(N)
X{N)=RP (A}

N=NF

WRITE (2,33)

33 FCRMAT(81HO X

et

T g

X DY/CX

. : D2Y/DXx2 /7)
DC 4 J=1,4
CA{J)Y=0.0

8{J)=0.0
€(J)=0.0
D(J)=0.0
F{J)=0.0
.8C 5 I=1,N
AlJ)=A0D)+(X{T)welg-1))
BlJIsBlJI)+(X(I)xe])
ClII=ClII+{X(T)w={J+1))
DlJI=B(JI+{X{1)wn(J+2)) .
FIJ)=F{J)+ (Y1) e(X{I)sa(J=1)})
IF(A(JY)) 4,90,4
CONTINLE
A{l)=N.
F(1)=0.0
CC 42 I=1,N
FIL)=F{1)+Y(I}
DC 6 J=2 vh
BALIY=(B(2)/7A0J))={8BL1)/A(1))
IF{BA(J)) 7,90,7
CA{I)=ICUII/ALI))-(CIL)/7ALL))
CALII={D(J)/21I))-{DI1)/7A(1))
FACLY=(F(J}/ALU))-(FL1)/AC(1))
OC & J=3,4
CelJ)=(CalII/BA(JI))I-(CA(2)/BA(2))
IF{CB(J)) 9,90,9 .
CELUI=(DA(JI/BALIIY-(DA(2)/BA(2))
FRLII=(FALJ)/BALJY)~(FA{2)/8A(2))
J=4 ' -
DCLI)=(0BLII/CB{III~{DB(3)/CB(3))
IF{C{J)) '10,90,10
FCLU)=(FRII/CBIIII-{FB(3}/CB(3))
PAR4=FC{4)/CCl4)
PAR3=(FB{4)~CB(4)=PAR4)/(B(4)

PARZ2=(FA(4)-CAl4)#PAR4G—CA{4)*PAR3)/BA(4)
PAR1=(F(4)-D{4)»PAR4G=C(4)=PAR3I~B(4)*PAR2)/A{4)

DC 15 J=1,N
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VIJ)Y=PARL1+PAR2#X{J)}+PARI«X{J)eX{J)}+PAR4G»(X[J)e+3]-Y(J)
15 v2{JI=Vv(J)«V(J}

SLMV=0.0
. SUMV2=0.0
CC 16 J=1,N .
SULMV=SUMV+V{J) . .
16 SULMVZ2=SUMVY2+V2(J) : '
X{1)}=START : ’ - ;
I=1

27 Y(l)= PARI*PARZ'X!I)+PAR3'X(I)'X(I)*PARQG(X(I)1'3)
DYDX({I)=P2R242.0PAR3*X{[)+3.0+PAR4GuX{I)#X(])
D2YDX([)=2.0#PAR3+6.02PARG=X(])

1=1+1
X(I)=X(I-1)+H - ,
[F(X(1)-FINAL)27,27,28 , .

28 L={[FINAL-START)/F)+1.0
1F(L)90,52,52
82 CONTINUE L , -
WRITE (2,93) (X{I),Y{I),DYDX{I},D2¥DX(I),1=1,L)
98 FCRMAT(1H 4C20.8)
" RWRITE (2,99) PAR1,PAR2,PAR3,PAR%G,SUMV,SUMY2
99 FCR¥AT(6FOPARL=E18.8/6HOPAR2=E18,8/6HOPAR3=E1B.8/6HOPA
XR4=€18.8/6H0
. © 1SUMVY=E1B8.8/7HOSUMV2=E17.8//)
. © WRITE {2,400) : :
400 FCRMAT (1COHO : RyN.D. DELTA,

XFT. VRM,FT

. 1./SEC. TW,DEG. F  QC+BTU/HR,-SQ. FT.)
- ‘ DELR=DELR#*C0/12.0 : g
S * RF=RFe[0/12.C
R5=R5200/12.0
HATCP=RNTOP/CO
§TS=C1+C2=HNTOP+C3#HNTOP*HNTOP
RESR=RS5#1.15 )
TESR=0 .
VRMK=2.0%32.2*TVHPS#*144.0
RATIC=(PCWER+1.0)*(POWER+2. O)/POHER
RC=0.0
%(=0.0
V1=0.0
GC TC 24
38 R=RO
1 ~ W=KO
» Th=PAR]1+PAR2#R+PAR3«R«R+PARL=R#R ¥R

E ~ EPT=-0.694#34R/(R5%R5)
3 PPT=EXPF(EPT)

3 PRESS={AP+PPT#TVHPS)#144.0

i RCH=0.08C8%PRESS+530.0/(TWe1l4.7#144.0)

: RCMS=0.0808«PRESS¥530.0/(STS*14.7%144.0).
VRMX2=VRMK&{1.0-PPT)/RONS

VRM=VRMX2%#0.5

,é
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GMUW=0.0C0017+{(Th/715.0)#+0,5)

GAUH=GMUW/RCHh

VK14=(GNUW«2G.25)
PPDR==TVHPS#1.388+«R&PPT€144,0/(R5%R5)
PPTCT=(1.0-PPT}

VRMCT=VYRMK/RCMS

DVRV={VRNVCT=e(.5}+C. 694¢R¢PPT/(RS'RS'(PPTCT'GO 5))
-TERM1=(PCWER+1.0)#WsDVRM/VRHM
TERM2=BLASK*RATIC#(R*»]1.25)« (ROWe#1.25)«VRM*VK14
TERM3=RAT[CO«h#32.2«PPDR/(ROK=VRMeVRHM)
FUNCT=5.0=(TERMI+TERM2+TERM3)/4.0

" VI=FUNCT#DELR

24 R=RO+DELR/2.0

W=W0+V1/2.0
Th=PAR1+PARZ*R+PAR3«R*R+PAR4{sRuR =R
EPT=-0,694+2R*R/(R5%R5])

"PPT=EXPF(EPT)

PRESS=(AP+PPT=TVHPS)+#144.0
RCW=0.0808+PRESS*530.0/(TW=14.T7%144,0)
RCMS=0.0800+PRESS%530.0/(STS#14.7#144.0)
VRMX2=VRF¥K2{1.0-PPT)/ROMS )
VRM=VRMX2+#0.5

GFUKW=0.CCOCL7#{(TW/T15.0)#20.5)

GARUW=GMUW/ROW

VK14={GNLK#%C.25)
PPDR==TVHPS#1.38B«R=PPT#144,0/(R5aR5)
PPTCT=(1.0-PPT)

VRMCT=VRFMK/ROMS
DVRM=(VRMCT*+0.5)%0.694+R«PPT/(R5%R54(PPTCT#+0.5))
TERP1=(PCWER+1.0)*WsDVRM/VRHM
TERM2=BLASK+RATIO=»{Re#1.25)»(ROWe#]1,25)eVRMeVKl4
TERMI=RATIC»¥W232.2«PPOR/(ROW*VRM*VRM)
FUNCT=5.0«(TERMI1+TERM2+TERM3}/4.0

V22=FUNCT=CELR .
W=HC+V22/2.0

. Th=PAR1+PAR2#R+PAR3sR*R+PAR4#»R#R*R

EPT=-0.634%R+R/{R5*R5)
PPT=EXPF({EPT)

"PRESS={AP+PPT«TVHPS)#144.0

RCW=0.080B«PRESS*530.0/(TWe14.7%144.0)
RCMS=0.0808+PRESS®530.0/{S5T5414.T¢144.0)
VRMX2=VRFKs (1. O—PPT)/ROHS
VRM=VRMX22=0.5 :
GMUW=0.CCOC1T7={{TK/T15. 0)*'0 S} .
GAUW=GNMUK/RCHh )
VE14={GNUW=+0.25)
PPOR=-TVHPS#1.3884R«PPT#144.0/(R5#R5}
PPTCT={1.0-PPT)

VRMCT=VRVMK/RCOMS :
DVRM=(VRNCT#20.5)#0.694*R*PPT/{R5«R5+(PPTCT*»20.5))
TERM1={PORER+1.0) *WeDVRM/VRM
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TERMZ=BLASK#RATIO*(Ren1,25)a {ROWs+1.25)aVRMeVK14
TERM3=RATICeW*32.2+PPDR/(ROWesVRMsVRM)

FUNCT=5.Co {TERML+TERM2+TERN31/4.0

V3=FUNCT«DELR

R=RO+DELR

W=HO+V3

Th=PAR1+PARZ*xR+PAR3I*»R«R+PAR4G#R*R#R
EPT=-0.694¢RaR/{R5#R5)

PPT=EXPF(EPT)

" PRESS={AP+PPT#«TVHPS)*144.0

201
203

202

300
302

35
301

299

304

RCH=0.0808+PRESS*530.0/(Tr*l4.7%144.0)
RCMS=0.0808PRESS#530.0/(STS*14.7#144.0)
VRMX2=VRNKs (1.0-PPT)/ROMS -
VRM=VRMX2#20.5 . : .
GMUW=0.CCO017#({{Th/715.0)%20.5) '
GNUW=GMUh/ROW

VK14=(GNUK*%0.25)
PPOR=-TVHPS#1.3884R*PPTe144.0/(R5¢R5)
PPTCT=(1.0-PPT]}

VRMCT=VRFK/RCMS
DVRM=(VRMCT#%0.5)%0.694%RPPT/{R54R5e(PPTCT#20.5})
TERM1=(PCWER+1.0) «W=DVRM/VRM
TERM2=BLASK*RATIO*{Re»1.25) % (ROW®»1.25) ¢ RM*VK14
TERM3=RATIC*W*32,2#PPDR/ (ROWSVRMsVRHM)

FUNCT=5.0# (TERM1+TERM24TERM3)/4.0

V4=FUNCT«DELR

DELW=(V1+42.0%V22+42.0%V3+V4)/6.0

W=WO+DELK

R=RO+DELR

{F (W} 201,201,202 ,

WRITE (2,203) i S
FCRMAT (11HONEGATIVE W) , ' ,
cC T1C 90

CONTINUE

W45=W220.8

DELTA=445/ (RCW=VRM«R)

IF (IESR) 299,300,259

IF (RESR-R) 301,301,302

Th=TH-46C.0

RAD=R#12.0/00

WRITE (2,35) RND,CELTA,VRM,TW

FCRMAT (4E20.8)

GC TO 303

1ESR=1

TWESR=TW

DESR=DELTA

CC=CESR®(STS-TW) #QESR/({DELTA®(STS—THESR))
Th=TH~46C.0

RAD=R¥12.0/D0

WRITE {2,304) RND,DELTA,VRM,TH,QC

FCREAT (5E20.8)

z
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303 wWC=W
RC=R
36 GC TO 38
90 If (1.0) 39,39,1
39 CONTINUE ’
END o
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APPENDIX 9.7

Eétimates of the Experimental Errors
S 9.7.1 Stétic Pressure Measurements
The static pressure taps in the plate were designed
according to the method of Rayle (37) to reduce the erroré
induced by their pfesence. Although there was no calibra-
tion technique available to check the pressure £ap measure-
ments, if was felt that the measurements were acéurate to
the limit with which the height of the mercury and oil
columns could be'read from the magometer board. Thus, the
errors in the st;tiC'pressure readihgs varied with the mag-
nitude, of thé gauge pressufe, but they wererélways less'than
2 to 3 per cent of the stagnation point gauge pressures.
9.7.2 Heat Flux Measurements )
A quick calibration check of two heat -flux prébes
was made with a éuarded plate hgaﬁer. Although the heat
" flux levels for the calibration check were low (around 1200
BTU/hp,—ft.z) because of the guarded plate heater used, the
heat fluxes'méhsured by the probés were within i}orper cent

of the value calculated from the'wattmeter readings of the

guarded plate assemly. It was felt that the agreement of

the calibration check might have been even better for higher

heat fluxés; This is because the temperature difference
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across the probes would have been higher and thus would not

have been affected as much by thermocouple errors. 1In any

"event, the heat flux measurements are probably accurate

within +10 pexr cent,
9.7.3 Total Head Probe Measurements

Again, there was no good éalibration check far the total
heaa pressure measurements, The total head probes were de-
signed, using an analysis based upon the potential flow
solution for flow around a cylinder, so that errors in tﬁe

total head pressure because of their presence would be less

'ﬁhan 2 to 3 per cent., However, much higher velocities were

used in.thé design analysis than were actually measured, and,
theréfore; the errors ére probably much smaller.

The errors in the gotal headrpressure measurements in
the boundary layer of the wall jet can only be estimated.
Usually, for measurements near a wall, the total pressures
appear to have a larger value than they should (44). These
errors may be compensated for by shifting the measured total
head pressure curve by a fixed amount which depends upon the

probe geometfy. This shift factor, for the probes used here,

- was about 0.001 to 0.002 inches (44). This correction was

neglected because the errors involved in locating the probe

were of the same order of magnitude.
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Total head probe measurements were reproducible within
2 t073 per cent., Axial velocity and temperature deéay data
?rom three experimental runs with approximately the same
conditions are plotted in Figure 9.7.1. Also, the Kiel
probe and the standard total head probe measured tﬁe same
totﬁl head pressure at ﬁhe same location in the flow field.
Figure 9.7.2 shows a plot of total head pressure and stag-
nation temperature across the en;ire width of the jet to
check the aséumed condition of angularrsymmetry.
9.7.4 Stagnation Temperature Measurements

No calibration check of the staghation temperéfure
measureﬁents was made except toAqote the-fact ;hat the
stagnation temperatures ﬁeasured with the probeé agfeed
with those measﬁred inside the plendﬁ chamber of the nozzle.
The combination pf conduction loss errors, radiation loss
errors, flow disturbanée errors, and recovery factor er-
rors was estimated torbe less than S per cent pf‘the dif-
ference between the températurermeasured and the ambient
temperature (38), (39). It was not possible to estimate
the flow disturbance errors in the measurement of the wall
jet bouﬂdary 1a§er tenperature variation, although they were

undoubtedly higher than the comparable total head pressure

errors.
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~ APPENDIX 9.8

Data Reduction Techniques

79.8.1 The Static Pressure and Heat Flux Measurements

The static pressure aﬁd heat flux data were the first
to be reduced. The radial positions of the static pressure
ﬁaps were tabulated in terms of nozzle diameters. The pres-
sures were converted from inches of oil or inches of meréury
to psig. Diﬁensionlegs pressure ratios (%%%;) were aiso
calculatéd. |

To calculate the heat fluxes from the raw data, the
e.m.f.'g of the thermocouples were converted to degrees F.
Standard thermocouple-e.m.f. curves were used for this con-
version beéause calibration of the thermocouples against‘
sténdard thermometers revealed ﬁhat the error introduced by
doing this wa§ never more than 1.5°F. Then, the tempera-
tures at thelthree points of the heat flux péobes were
plotted against éheir axial position on thé rod. If this
plot was approximately a straight line, indicating a one-
dimensional heat fransfer, the heat fluxes were calculated.
These heat flux plots never varied more than several per
éent from arstiaight line.

The heat fluxes were calculated by subtracting the tem-

perature of the probe at a depth of 3/8 inches from the
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temperature at the surface of the probe and dividing the
difference by 3/8 inches to get the temperature gradient.
This gradlent was then multiplied by the thermal conducti-
vity of Inconel at the surface temperature of the probe (see
Figure 9.8.1 for the thermal conductivity of Inconel versus
temperature) to ebtaiﬂ tﬁe heae flux at that point. 'The
temperatures of the thermocouples with the greatest dis-
tance separatlng them were used to calculate the gradlent
because it was felt that the greatest error involved was
the error in the measurement of the distance between thermo-
icouples on the probe. 7
9.8.2 The Free Jet and_Wall Jet Probe Measurements

The total head‘preesures and stagnation temperatures
measured with the free jet and wall jet probes were con-
verted into velocities end static temperatures with a com-
puter program. The input data for therprogram included thev
total head pressures ehd stegnétion temperatures measured
by the probes, the ambient temperatufe, and the barometric
pfessufe. .In tﬁe ﬁrogram, the Mach number of the flow'was
' calculated.from the ratio of the stagnation pressure to
the s{atic pressure. Then, the recovery ratio was determined
"(see Figure 9.8.2 for a plot of recovery ratip versus Mach

" number for the stagnation temperature probes), and the

2 M
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static temperature was calculéted from the Mach number and
the'recovery>ratio. The recovery ratio was unity for the
first measured quantities which were the stagnation temper-
ature and total head pressure in tﬁé plenum chamber.of Ehe
nozzle. The output of program included velocities and
temperatures in both dimensionless and dimensional fofms
and the Mach number. )

The variation of physical properties of the flow was
also considered in the program. Figur® 9.8.3 shows a plot
of“Cp as a function 6f temperature. The computer program
which was used for thése caleculations is listed in tﬁe sec-
tion 9.8.4 of this Appendix. | :
9.8.3 Computer Nomenclaturé
Indiceg o . ’

J--1,2,3,...,N-- number of data points.

Nonsubscribted Variables

AP--ambient or barometric pressure.

. CPRAT--the heat capacity ratio.
INDE*—-the number of t£e experimental run.
N--the total number of data points.

-RﬁAT—fthe recovery ratio.

TA-~the ambient temperature.
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Subscripted Variables

DELP(J)~-the measured total head pressures.
PTERM(J)--the pressure ratios,

SSN(J)--thg Mach number.

STAGT (J) --the measured stagnation temperatures.
T(J)~;the dimensionless static temperatures.
TDEGF(J’, TDEGR (J) --the static temperatures.

VEL({J)--the velocities.

vz (J)--the dimensionless velocities.

.
'
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Computer Program Listing

PROGRAM TO CALCULATE VELOCITIES AND TEMPERATURES FROM
TCTAL FEAD PRESSURE AND STAGNATION TEMPERATURE DATA,
BARCMETRIC PRESSURE, AND AMBIENT TEMPERATURE. )
CUTPUT INCLUDES VELOCITIES AND TEMPERATURES IN BOTH
DIMENSICNAL ANC DIMENSIONLESS FORMS.

INPUT CATA

N-NUMBEP. CF CATA POINTS

TA-AMBIEANT TEMPERATURE, DEG. F

-AP-ANMBIENT PRESSURE, PSIA

DELP-MEASUREL VELGCITY HEAD PRESSURE, PSIG
STAGT-MCASURED STAGNATION TEMPERATURES, DEG. F
CEIMENSICN STAGT(100),DELP{100),SSNX2(100),5SN{100),VE

XL{10C).VZ{10

1

102

1
2
94

0),TFDEG(100),PTERNM{100},T{100),TDEGR{100)
READ (1,1} INDEX.N,TA,AP

FCRMAT (215,2F10.0)

READ (1.,2) (CELP{J)STAGT(J),J=1,N}

FCRMAT (2F10.0)

WRITE (2,94) INDEX

FCRMAT (43H1 THIS CALCULATION IS .FOR EXPERIMENTAL RUN

X12}

5

WRITE (2,5) ;
FCRMAT {11CHO : DELP STAGY VEL,

XFT./SEC.

1
X

6

7
8

vz TFDEG4DEG. F T © SSN

J) )
TA=TA+46C.C
DC 3 J=1,N

STAGT(J}=5STAGT(J)1+460.0
CPRAT=1.430-0.0000513=STAGT(J)

I=CPRAT-1.0
RATIO=Z/CPRAT

PTERM{JI={CELP(J)/AP)+1.0

SSNX2{J1=2.0={ (PTERM(J)#=RATIO)-1.0)/2
SSN(J)=SSNX2(J)*x0.5

IF{J-1) 6,6,7

RRAT=1.0
GC TO 8

RRAT=1.040.C0281+55NX2(J)-0.00512«S5N(J}
TCEGR{J)I=STAGT(J)/{{1.0+Z«SSNX2(J)}/2.0)«RRAT)
TOJ)={TDEGR{J)-TA}/(TDEGR(1}~TA)

VEL{J)=SSN{J)#49.02+«(TCEGR{J)*«0.5)

VZ(JI=VELIJ)/VEL({L)

TFDEG(J)=TCEGR(J)-460.0
STAGT{J)=STAGT(J)}-460.0
WRITE {2,4) CELP{J),STAGT(J),VELIJ)VZ{J),TFDEG{J},T(J

X}sSSK{JY»J

4.

FCRMAT (7715.8,15)
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3 CONTINUE
IF (1.0) 101,101,102
101 CCNTINUE
EAD




in this Appendix.

Run 3 (D=0.250_inches)

APPENDIX 9.9

Experimental Data

" Table 9.9.1

The reduced data for the experimental runs are tabulated

The Static Pressure Distribution on the Plate

Radial Position Pressure Lp
(Nozzle diameters) _(psiq) Ops
0.000 0.7520 1.000
1.248 0.3765 0.501
2.248 0.1076 0.143
3.248 0.314 0.042
4,248 0.0141 0.019
5.248 0.0127 0.017
7.248 0.0083 0.011
4 9.248 0.0061 0.008
3 11,248 0.0047 0.006
13.248 0.0029 0.004
Run 4 (Db=0.250 inches)
Radial Pposition Pressure Dp
Anozzle diameters) (psiqg) by
0.000 1.552 1.000
1.238 0.723 0.466
2.248 0.184 0.119
3.248 0.056 0.036
4.248 0.026 0.017
5.248 0.026 0.017
7.248 0.013 0.008
9.248 0.008 0.005
11.248 0.005 0.003
13.248 0.005 0,003
SR




Run 5 (D=0.250 inches)
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{Table 9.9.1 continued)

Radial Position Pressure Dp
(nozzle diameters) {psig) op
0.000 1.189 1.000
1l.248 0.578 0.486
2.248 0.157 0.132
"3.248 0.047 0.040
4.248 0.020 0.017
5.248 0.018 0.015
7.248 0,011 0.009
9.248 0.007 0.006
11.248 0.004 0.003
13.248 0.004 0.003
Run 6 (D=0.375 inches)
Radial position _ Pressure De
(nozzle diameters (psig) [AAS
0.000 0.872 1.000
0.832 0.642 0.716
1.499 0.308 0.353
2.165 0.133 0.153
2,832 0.048 0.055
3.499 0.025 0.029
4,832 0.015 0.017
6.165 0.011 0.013
7.499 0.008 0.009"
8,832 0.005 0.006
Run 7 (D=0.375 inches)
Radial Position Pressure Qp
{nozzle diameters) _({psiqg) B
0.000 . 1.557 1.000
-0.832 0.877 0.563
21.499 0.287 0.184
2,165 0.089 0.057
2.835 0.031 0.020
. 3.499 0.026 0.017
- 4,832 0.014 0.009
T ERAAER S R D Bk R R i i RS TS R A S Gt S o = AT T T T R B T 00g
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(Table 9.9.1 continued)

Radial Position Pressure ‘ _AAL
- {nozzle diamecters) {psiqg) Ps
6.165 0.009 0.006
7.499. 0.005 0.003
8.832 0,003 0.002
Run 8 (D=0.375 inches)
Radial Position Pressure AY -3
(nozzle diameters) {psiq) [AYR
0.000 3.487 1.000
0.832 0.972 0.279
1.499 0.165 0.047
2.165" - 0.069 0.020
2,835 0.033 0.009
. 3.499 "0.029 0.008
4.832 0.010 -0.003
6.165 . 0.006 0.002
7.499 0.003 0.001
8.832 0.002 0.001
"Run 9 (D=0.250 inches)
Radial Position Pressure Lo
(nozzle diameters) (psiq) by,
0.000 1.351 1.000
l.248 0.700 0.518
2.248 0.188 0.139
3.248 0.053 0,039
4.248 0.021 0.016
5.248 0.01¢ 0.014
7.248 0.009 0.007
9.248 0.005 0.004
11.248 0.004 0.003
13,248 0.002

0.003
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(Table 9.9.1 continued)

Run 10 (D=0.250 inches)

Radial Position Pressure é%;

{nozzle diamters) (psiqg) i3

0.000 . 1.385 1.000
1,248 . 0.655 ) 0.473
2,248 0.163 0.118
3.248 0.046 0.033
4.248 . 0.020 - 0.014
5.248 i 0.018 0.013
7.248 0.008 0.006
9.248 0.004 - . 0.003
11.248 . 0,002 0.001
13.248 ' 0.001 ‘ 0.001
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Table 9.9.2

The Heat Flux and Surface Temperature Distribution

Run 3 (D=0.250 inches)

Radial Position Heat Flux Surface
(nozzle diameters) (BTU/hr.-ft.2) Temperature (°F)
0.00 20,214 255.5
2.40 ’ 14.030 : 223.8
5.36 . 7,065 176.4
9.24 - - 2,444 . 135.8
14.72 741 . 115.4
14.72 - o 943 . 117.0
24.00 , ( 265. 105.6

Run 4 (D=0.250 inches)

Radial Position Heat Flux surface
(nozzle diameters) (BTU/hr.-ft.”) Temperature (°rF)
‘'0.00 ) , 24,472 284.7
2.40 . *18,006 ) 250.4
5.36 8,331 _ : 190.0

C 9.24 : : 3,044 141.6

14.72 ; 895 . 119.3

14.72 1,000 . o . 120.8

24.00 - 293 ) . - 108.4

Run 5 (D=0.250 inches)

P

Radial Position Heat Flux 5 Surface
(nozzle diameters) (BTU/hr.—-ft.”) Temperature (Sg)'
0.00 . . 23,623 277.8
2.40 . 17,170 244.2
5.36 7,704 186.5

© 9,24 ’ - ) 2,883 142.0

14.72 L ] ) 941 . ) 120.3

14.72 . 1,051 121.7

24,00 ' 279 ‘ 109.8
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Table 9.5.2 (continued)

Run 6 (D=0.375 inches)

Radial Pbsition . Heat Flux Surface
{nozzle diameters) {(BTU/hr.-ft.“) Temperature (oi)
0.000 18,919 ~ 265.6

1.600 : . 15,639 246.2

3.573 ‘ 9,648 206.1

6.160 - 5,094 168.2

9,813 ’ 1,715 137.0
16.000 . ) 524 122.5

Run 7 {(D=0.375 inches)

Radial Position ) Heat Flux Surface
(nozzle diameters) 7 (BTU/hr.-ft.?) Temperature (°F)
0.000 o ‘ 41,992 366.2

1.600 . 28,601 ) 313.9

3.573 I - 12,956 235.0

6.160 - ) ) 5,245 176.4

9.813 : 1,666 141.0

9.813 . 1,726 . 143.4
16.000 ) i . 435 126.8

Run 8 (D=0.375 inches)

Radial Position Heat Flux Surface
Anozzle diameters) __  _(BTU/hx.-ft.") Temperature (°F)
0.000 ‘ L 77,578 545.6

1.600 45,905 408.2

3.573 - 15,029 258.0

6.160 . 5,601 183.6

9.813 - 1,883 147.3

9.813 2,035 - 150,23

130.93 -

16.000 ’ 289
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" Table 9.9.2 (continued)

Run 9 (D=0.250 inches) R

Radial Position Heat Flux Surface
(nozzle diameters) (BTU/hr.—ft.z) _Temperature (OF)
0.00 - 32,576 322.9
2.40 20,620 270.3
5.36 9,726 205,11
9.24 3,614 156.0
14.72 1,195 131.2
14.72 1,209 131.3
24.00 336 119.6
Run 10 (D=0.250 inches)

Radial Position Heat Flux Surface
(nozzle diameters) (BTU/hr.—ft.z) Temperature (°F)
0.00 20,419 250.2
2.40 13,701 213.0
5.36 6,012 165.6
S.24 2,147 130.8
14.72 818 . 113.4
14,72 819 " 113.9
24.00 292 105.2
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Table 9.9.3

The Axial Variationof Free Jet Velocity and Temperature

Run 3 (D=0.250 inches) ’ o

Axial Position )
{nozzle diameters) Vim ] Ton
0.0 1.000 . ’ 1.000
1.0 0.997 1.002
2.0 ) 0.990 : - 0.991
3.0 ) 0.979 0.9%48
4.0 0.954 - 0.868
5.0 0.897 ’ 0.781
6.0 0.829 ‘ 0.708
Run 4 (D=0.250 inches)
Axial Position v o ) T
[(nozzle diameters) Zm -
0.0 1.000 1.000
1.0 ©1.013 : 1.038
2.0 1.018 1.033
3.0 1.005 , . 1.008
4.0 .0.995 . 0.960
" 5.0 . 0.959 ~ 0.889
6.0 " 0.895 - A 0.821
7.0 0.829 C - 0.747
8.0 h o 0.744 0.686
9.0 ' 0.667 0.663
10.0 0.605 '0.581
1.0 1.544 . 0.530
12.0 0.488 - 0.485
Run 5 (D=0.250 inches)
Axial Position : ‘ .
(nozzle diameters) Vim Tom
0.0 1.000 - 1.000
3 1.0 0.993 ¢.979
3 2.0 0.989 . 0,970

T TR s e e e
i R I I B 8

R T T RIS STRRTE T IR T

e

et q;~':'—fr§‘a?§:ﬁ§ T{"-'!,!f!}’

3

Dok Wby

L idnn bl



Tty m

Axial Position

Gt i T s B S

'..]_91;

Table 8.9.3 (continued)

{nozzle diameters) V2 Tm
3.0 - 0.989 0.951
4.0 . /0,973 0.911
5.0 0,940 0.851
6.0 0.882 0.783
7.0 .0.810__ 0.715
8.0 0.728 0.655
9.0 0.648 0.600
10.0 0.588 0.549
11.0 0.529 0.504
12.0 . 0.478 0.460
Run 6 (D=0.375 inches)
Axial position V. T
{nozzle diameters) Zm m
0.0 1.000 1,000
1.0 0.989 0.980
2.0 0.983 0.946
3.0 " 0,968 0.918
4.0 0.963 0.984
5.0 0.941 0.838
6.0 0.884 0.767
7.0 0.802 0.702
8.0 . 0.716 0.634
9.0 g 0.636 0.571
- 10,0 ' 0.565 0.525
11.0 - 0.506 0.464
12,0 0.455 0.420
13,0 0.413 0.386
o
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Table 9.9.3 (continued)

Run 7 (D=0.375 inches)
Axial Position V. ' T
(nozzle diameters) Im m
0.0 1.000 © 1,000
1.0 0.995 0.976
2.0 0.985 0.949
3.0 - 0.979 - 0,923
4,0 0.967 0.899
5.0 0.949 0.845
6.0 0.897 0.777
7.0 0.814 0.700
8.0 0.733 0.638
'9.0' 0.649 0.576
Run 8 (D=0.375 inches)
Axial Position - ' : '
(nozzle diameters) _ Vzm Tm
0.0 1.000 1.000
1.0 0.988 , 0.979 -
‘2.0 0.978 0.951
3.0 0.967 0.919
4.0 0.962 0.901
5.0 0.935 ' 0.833
6.0 0.888 o 0.778
Run 9 (D=0.250 inches) .-

~ Axial Position — ' o o :
{nozzle diameter) Vi Ten
0.0 1.000 : . 1.000
1.0 0.995 ’ 0.982
2.0 " 0.987. 0.956

- 3.0 0.982 . '0.941
4.0 0.972 0.910
5.0 0.945 0.855
6.0 0.888 : 0.787
7.0 0.811 0.728
8.0 0.727 0.665
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Table 9.9.3 (continued) ' : ]
|
|
Axial pPosition . » .
{nozzle diameter) Vim T
9.0 o 0.656 0.610
10.0 0.588 : 0.561
11.0 0.526 . 0.505
12,0 0.474 0.461
Run 10 (p=0.250 inches) ’ '
Axial Position V T
(nozzle diameter) Zm m
0.0 1.000 - . 1,000
1.0 1.008 ] l.008
2.0 . 1.002 0.984
3.0 0.995 : .0,972
4.0 0,989 - 0.937
5.0 0.964 0.888
6.0 0.913 0.821
7.0 0.846 - 0.754
8.0 - 0.762 ' 0.697
9.0 0.688 ‘ 0.642
10.C 0.623 , 0.588
11.0 - 0.563 0.540
12.0 . 0,512 ) 0.499
T R W S T T YRR TN TR AT TS T
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Table 2.9.4

The Radial Variation of Free Jet Velocity and Temperature

Run 3 (Dp=0.250 inches)

Axial position

‘o
Radial Position

{(nozzle diameters) (nozzle diameters) Ve T

1.0 0.000 1.003 1.012
0.120 1.006 1.011
0.240 1.000 0.997
0.360 0.985 0.942
0.480 0.805 0.767
- 0,600 0.268 0.628
. 0.720 0.000  0.361
4.0 - 0.000 . 0.955 0.864
0.200 0.900 0.808
0.400 0.699 0.694
0.600 0.456 0.550
0.800° 0.249 0.373
1.000 0.129 0.230
1.200 0.000 0.123
8.0 0.000 0.689 0.583
0.240 0.638 ‘0.561
0.480 0.514 0.505

- 0.720 0.373 0.415

. 0.960 0.254 0.320°
- 1.200 0.168 0.243
. 1.440 0.087  0.170
1.680 *0.048 0.096
) 1,920 0.000 0.054
11.0 0.000 0.496 0.444
" 0.320 0.455 0.427
‘ 0.640. 0.357 0.373
. 0,960 0.255 0.306
1.280 0.166 0.227
1.600 0.100 0.158
1.920 0.048 0.105
2.240 0.000 0.055
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Table 9.9.4 (continued)

Run 4 (D=0.250 inches)

LT T R Y SR e e o

Axial Position Radial position V. T
(nozzle diameters) {(nozzle diameters) Z
4.0 0.000 0.995 0.960
0.200 0.944 0.909
0.400 0.721 0.788
0.600 0.453  0.629
0.800 0.230 0.411
1.000 0.086 0.244
1.200 _- 0,035 0.105
. 1.400 0.000  0.048
8.0 0.000 0.744 0.686
0.240 0.662 0,672
0.480 0.486 0.597
0.720 0.337 0.479
0.960 0.209 0.357
1.200 0.123 0.253
1.440 - 0.064 0.166
1.680 0.035 0.098
. 7 1.920 0.000 0.047
1r.0 : 0.000 0.541 0.530
’ : 0.320 0.489 0.508
0.540 0.372 0.437
0.960 - 0.256 0.346
1.280 0.166 0.252
1.600 0.098 0.174
1.920 0.050 0.109
2.240 0.000 0.056
Run 5 (D=C.250 inches)
Axial Position Radial Position
(nozzle diameters) (nozzle dizmeters) Vz T
4.0 ' 0.000 0.972 0.912
0.120 0.961 0,892
0.240 0.894 0.845
"0.360 0.768 0.773
0.480 0.606 0.692
T0.600 0.441 0.592
0.720 0.303 0.483
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Table 9.9.4 (continued)
Axial Position Radial position - Y
{nozzle diameters) (nozzle diameters) z T
0.840 0.198 0,365
0.960 - 0.119 0.285
1.080 0.066 0.210
. 1,200 0.000 . 0.111
8.0 ' 0.000 0.728 0.653
0.240 0.664 0.634
0.480 0.487 0.565
0.720 ' - 0,344 0.460
0.960 0.214 0.340
1.200 0.127 0.241
1.440 ) 0.069 0.152
1.680 ’ 0.038 0.093
1.920 0.000 0.042
1.0 ) - 0.000 0,529 0.504
0.320 0.476 0.480
0.640 : ) 0.374 0.413
0.960 0.257 0.321
1.280 0.170 0.250
1.600 0,098 0.159
1.920 ' 0.055 0.101
2.240 : 0.037 0.051
2.560 ’ 0.000 0.019 .

‘Run 6 (D=0.375 inches)

Axial Position Radial Position v, 1;
fnozzle diameters) (nozzle diameters) z
4.0 . 0.000 0.965  0.893
0.107 0.958 0.883
0.213 : 0.925 0.844 -
0.320 0.826 0.783
0.427 0.673 0.707
0.533 . 0,502 - 0.608
0.640 ) 0.359 0.510
0.747 0.242 0.383
‘0.853 0.147 0.277
. 0.960 0.085 0.193
1.067 0.047 0.115
8.0 0.000 " 0.716 0.634
’ 0.187 , 0.678 0.617 |
J
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Table 9.9.4 (continued)

Axial Position "Radial Position V. ' ;r
{nozzle diameters) (nozzle diameters) Z
0.373 0.573 0.567
0.560 - 0.442 0.484
0.747 0.333 0.399
0.933 . - 0.236 0.314
1.120 - 0.159 0.233
1.307 0.096 0.164
1.493 0.066 0.111
1.680 0.032 0.060
11.0 . 0.000 ) 0.506 0.464
. ' 0.267 - 0.469 0.448
0.533 - 0.389 0.400
0.800 ' 0.301 0.333
1.067 c 0.218 0.264
1.333 ) 0.148 0.200
1,600 o 0.095 0.141
1.867 0.065 0.090
2,133 - 0.044 0.049
2.400 : ) 0.000 0.021

~Run 7 (D=0.375 inches)

" Axial Position Radial Position Vi T
{(nozzle diameters) (nozzle diameters) z

- 4,0 ) n 0.000 . : 0.969 0.899
’ - 0.107 o 0.963 0.887
0.213 - 0.833  0.848
0.320 0.836 0.787
0.427 ’ . 0.679 0.705
0.533 . 0.510 0.616
0.640 - 0.358 0.506
0.747 0.238 0.399
0.853 0.143 0.290
0.960 0.078 0.207
) 1.067 0.000 0.124
6.0 ’ © 0.000 0.897 0.777
: ’ 0.160 0.848 0.748
1 0.320 _ 0.727 0.678
; , . 0.480 ' 0.560 0.584
; . 0.640 - '0.407 0.482
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Table 9.9.4 (continued)

Axial Position Radial Position V. T
(nozzle diameters) {nozzle diameters) [
0.800 0.275 0.373
0.960 0.179 0.276
1.120 0.097 0.179
1.280 0.057 0.106
1.440 0.044 0.052
1.600 0.000 0.022
8.0 0.000 0.733 0.638
' 0.267 0.643 0.606
0.533 0.471 0.501
0.800 0.309 0,371
*1.067 0.170 0.260
1.333 0.096 0.156
1.600 0.045 0.075
1.867 0.031 0.028

2,133 0.000 0.011

Run 8 (D=0.375 inches)

Axial Position Radial Position V. T

{(nozzle diameters) " (nozzle diameters) Z -

3.0 o 0.000 0.968 0.919

0.120 0.965 0.908

0.240 - 0.947 0.874

) 0.360 ’ 0.851 0.808

" ’ 0.480 . 0.635 0.699

LT - 0.600 - 0,404 0.559

: 0.720 0.225 0.410

0.840 0.110 0,264

0.960 0.024 0.151

I ) o , 1.080 ) 0.000 0.067

5.0 ) 0.000 ' 0.935 0.833

0.160 - 0,902 0.806

0.320 0.772 0.724

0.480 . 0.596 0.632

0.640 0.407 0.501

0.800 0.260 0.380

0.960 0.152 0.265

1.120 0.073 0.167

1.280 0.023 0.095

e
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Table 9.9.4 (continued)
Run 9 (D=0.250 inches)
Axial Position Radial Position V T
{nozzle diameters) (nozzle diameters) z

4.0 ' 0.000 0.972 0.910
’ 0.140 0.957 0.887
0.280 0.862 0.821
0.420 .0.692 0.731
0.560 '0.406 0.628
0,700 - 0.318 0.486
0.840 0.189 0.356
" 0.980 0.096 0.244
. 1.120 0,027 0.150
. , " 1.260 0.000 0.059
8.0 ' 0.000 0.728 0.664
0.240 0.659 0.642
0.480 0.521 0.558
.0.720 0.360 0.446
_ 0.960 . 0.238 0.331
1.200 0.140 0.228
1.440 0.070 0.144
1.680 0.040 0.081
: . 1.920 0.000 0.033
11.0 ’ . 0,000 0.526 0.505
' .. 0.320 0.476 0.480
0.640 0.367 0.412
e " 0.960 0.254 0.323
4 o 1.280 0.174 0.236
T . 1.600 0.112 0.161

1.920 0.065 0.088 t
2.240 - 0,039 0.041
2,560 0.017 0.017
2.880 0.000 0.008

!
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Table 9.9.4 (continued)

Run 10 (D=0.250 inches)

Axial Position Radial Position

(nozzle diameters) {nozzle diameters) Vz T

4.0 ' 1 0.000 o . 0.983 0.938
: . 0.140 ’ ) 0.972 0.920
0.280 0.889 0.857
0,420 0.710 0.770
0.560 , 0.500" 0.649

0.700 _ 0.319 0.524
0.840 ' 0.196 0.368

0.980 0.100 0.255 -
1.120 0.048 0.149

- < 1,260 ; 0.000 0.077 “

8.0 © 7 0.000 A 0.762 0.697
o 0.240 o 0.688 0.672
0.480 0.540 0.591
0.720 , 0.384 0.470
0.960 0.250 0.349
1.200 , 0.156 0.237
1.440 0.080  0.149
_ 1.680 , . 0.046 0.076
.- 1,920 S 0.000 0.027
1l.0 - 0.000 - " 0.563 0.540
‘ T 0.320 v 0.513 - 0.515
0.640 - 0.404 0.443
i : 7 0.960 0.278 0.348
i o 1,280 0 - ~ + 0,194 0.253
‘ 1.600 : 0.118 0.165
. 1.920 0.065 0.092
Tt 2,240 - 0.040 0.041
S 2,560 0.028  0.013
¢ . 2,880 . ' . 0.000- 0.005
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Table 9.9,

Run 3 (D=0.250 incbes)

5

velocity

The Variation of Velocity and Temperature in the Wall Jet

Radial Position Distance Above Tempera-
(nozzle diameters) Plate (inches) (ft./sec.)  ture (°F)
4.0 0.000 0.00 200.0
) 0,010 262,76 285,0
0.060 - 203,20 165.2
" 0.110 123,21 232,1
0.160 65.51 189.8
0.210 - 20.78 151.0
0.260 0.00 124.0
0.310 0.00 97.0
6.0 0.000 0.00 168.0
- 0.010 181.92 229.8
0.060 164,97 228.2
- 0.110 112.34 209,2
. 0.160 59.14 184.9
0.210 0.00 153.0
0.260 . 0.00 118.0
0.310 0.00 96,0
8.0 0.000 0.00 146.,0
0.010 126.55 188.0
0.060 126.65 189.0
- 0.110 105.01 181.4
. 0.160 72.13 171.8
0.210 45.45 166.0
- 0.260 0.00 137.0
0.310 0.00 118.0
0.360 0.00 110.0.
10.0 0.000 0.00 ~132.0
0.010 95,92 160.5
0.060 101.68 167.4
0.110 90.38 159.6
0.160 74,11 153.7
0.210 56.17 148.9
0.260 0 37.44 136.0
0.310 - 23.50 127.0
0.360 0.00 114.0
0.410 0.00 102.0
0.460 0.00 94.0
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Run 4 (D=O.250 inchQ§)

Distance Above

0.510
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Table 9.,9.,5 (continued)

Velocity
(ft./sec,

0.000 0.00
0.010 371.86
0.040 333.37
0.070 258 54
0.100 183,32
0.160 24 34
0.190 38.39
0.220 0. 00
0.250 " 0.00
0.000 0. 00
0.010 251 43
0.060 229 0
0.110 155 7
0.160 77.85
0.210 000
0.260 0. 00
0.310 0. 00
0.000 000
0.010 174.90
0.060 175 o4
0.110 141 62
0.160 97.89
- 0.210 48.40
- 0.260 ©0.00
0.310 000
0.360 0.00
0.410 - 0.00
0.000 . 0.00
0.010 P 129,00
0.060 137.59
0.110 121.99
0.160 97.54
0.210 70.24
0.260 . a
1 0.310 16.74
0.360 o 00
. 0.410 0 00
0.460 000

0.00

Temperg_
ture F)

217.1
295.7
289.8
269.2
248.7
2211
192.7
167.0
143.0
122.0
178.2
237.4
236.3
224.4
200.7
168,0
134.0
108.0
152.8
192.9
193.9
187.7
177.5
162.9
144.0
124.0
124.0

87.0
136.3
167.9
170.8
168.1
163.5
157.8
147.9
137.0
135.0
113.0

103.0

95.0
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Run 5 (D=0.250 inches)

Radial Position Distance Above

Table 9.9.5 {continued)

—-—

Velocity Tempera-
{nozzle diameters) Plate (inches) (ft./sec.) ture (F)

4.0 , - 0.000 0.00 213.0
0.010 334.76 288.7

0.040 316.83 289.6

3 0.070 248,31 278.6

" 0.100 185.43 260.7

. 0.130 126,59 245.0

0.160 81.24 213.0

0.190 49,09 288,7

0.220 24.01 289.6

. 0.250 0.00 278.6

0.280 0.00 260,7

) o - 0310 0.00 245,0
6.0 ‘ 0.000 0.00 177.7
0.010 227.91 230.3

0.050 222,23 232.5

0.090 175.79 221.9

0.130 120.21 210.1

0.170 64.05 188.8

0.210 12,07 162.0

0.250 0.00 135.0
0.290 0.00 114.0,

G.330 0.00 98.0

. 8.0 ' 0.000 0.00" 153.4
o 0.010 160.99 189.3

0.060" 162,38 189.2

0.110 136.24 185.8

. 0,160 96,93 1775.

. : - . 0.210. 57.76 159.9

T 0.260 20,56 142.0

0.310 0.00 123.0

0.360 0.00 107.0

: 0.410 0.00 96.0

10.0 ' 0.000 0.00 136.7
0.010 120.24 165.1

0.060 125.19 167.0

0.110 113.30 164.2

: 0.160 92.44 159.5
3 0.210 68.77 152.8
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Table 9.9.5 (continued)

Radial Position Distance Above Velocity Tempcra—
(nozzle diameters) Plate (inches) (ft./sec.) ature (°F)
. 0,260 47.51 142.9
0.310 26,31 132.0
_ 0.360 0.00 120.0
0.410 0.00 110.0
0.460 0.00 98.0
Run 6 (D=0.375 inches)
Radial Position Distance Above Velocity Tempera-
{nozzle diameters) Plate (inches) (ft./sec.) ature (°F)
4.0 0.000 0.06C 199.0
0.010 273.39 279.6
0.050 268.88 275.8
0.090 223.46 262.5
0.130 171.71 247.0
0.170 123.34 226.1
. 0.210 85.86 204.6
0.250 54,99 180.9
0.290 27.02 159.0
.0.330 *0.00 140.0
0.370 0.00 122.0
0.410 0.00 109.0
6.0 0.000 0.00 " 170.1
0.010 183.34 223.7
0.060 186.93 221.6
: . K 0.110 160.72 217.3
- o 0.160 . 123.94 205.1
' o 0.210 83.95 289.6
0.260 45,64 170.9
0.310 0.00 149.0
0.360 0.00 130.0
0.410 - 0.00 113.0
8.0 - 0.000 - 0.00, 151.2
- 0.010 128.25 . 181.0
0.060 134.08 181.8
0.110 128,07 185.0
0.160 113.49 183.2
0.210 91.73 177.5
© 0.260 70.17 172.8
0.310 50.01. 163.9
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Table 9.9.5 (continued)

Radial Position Distance Above Velocity Tempera-
{nozzle diameters) Plate (inches) (ft./sec.) ature (OF)

0,360 ; 29.50 155.0

0.410 0.00 145.0

0.460 0.00 132.0

0.510 0.00 122.0

0.560 - 0.00 113.0

0.610 0.00 103.0

10.0 0.000 0.00 136.7
- 0,010 98,12 159.4

0.070 . 101.84 l160.4

0.130 . 102.80 163.4

0.190 94.49 l61.5

0.250 80.99 158.7

0.310 65.93 154.8

0.370 50.91 150.9

0.430 . 35.73. 142.0

0.490 . 23.63 133.0

0.550 . 11.75 126.0

0.610 - 0.00 117.0

0.670 ) 0.00 108.0

0.730 .0.00 101.0

Rnnrjr(p=0.375 indhes)

Radial Position Distance Above Velocity Tempera-
{nozzle diameters) Plate (inches) (ft./sec.) ture (SF)
M 4.0 0.000 0.00 218.5
: : ) 0,010 . 303.91 318.3
0.040 289,09 320.6 —
0.070 . 260.04 313.2 .
0.100 211,03 299.9 “
0.130 158.67 284 .4
¢ 0.160 . 105.14 263.4
0.190 57.25 236.9
0.220 0,00 208.0
0.250 0.00 178.0
- 0.280 - 0.00 150.0
0.310 0.00 129.0.
6.0 : 0,000 0.00 178.5

. : © 0.010 : 182.02 - 233.7
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Table 9.9.5 (continued)

Radial Position Distance Above Velocity Tempera-
{nozzle diameters) plate (inches) (ft./sec.) ature (OF)
0,050 , 186.50 237.6
0.090 167.60 _233.,1
0.030 141,41 227.7
0.170 107.72 217.3
0.210 72.96 206.8
0.250 39.10 191.0
0.290 : 0.00 172.0
0.330 ) 0.00 155.0
. 0.370 - 0,00 137.0
o } . 0.410 0.00 122.0
- 8,0 0.000 0.00 156.8
. 0.010 125,44 192.0
. -~ 0.060 - 127.35 193.0
s - 0.110 125,03 194.0
0.160 111.29 192.3
0.210 . 93.70 185,5
0.260 - 71.38 178.8
0.310 : 51.53 -  168.9
0.360 ' 29.46 157.0
'0.410 g 0.000 146.0
0.460 ' 0.00 133.0
0.510 " 0.00 122,0
0.560 .00 112.0
10.0 - - : 0,000 0.00 140.7
.. .- 0.010 ' 90,31 172.6
B 0.060 98.31 . 174.4
' 0.110 . 95,17 173.5
, . 0.160 86.04 171.6
"4 - 0.210 74.88 169.7
" 0.260 : 62.85 163.8
0.310 52.47 157.9
0.360 , " 39.69 151.0
0.410 . 23.78 143.,0
0.460 0.00 - 135,0
0.510 . 0.00 '128.0
0.560 ’ '0.00 119.0

0.610 0.00 . 111.0
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Table 9.9.5 (continued)
Run 8 (D=0.375 inches)
Radial Position Distance Above Velocity Tempera-
{nozzle diameters) Plate (inches) _{ft./s2c.) ature (OF)
4.0 . 0.000 0.00 240.0
0.010 306.83 334.2
0.040 298.88 335.6 _
0.070 253.21 324.5
0.100 1%6.01 307.4
0.130 , 136.11 285.9
o B - 0.160 82.37 256,7
: - . 0.170 . 21,98 221.0
0.220 0.00 183.0 \
0.250 . - 0.00! 156.0
-0.280 0.00 130.0
"0.310 - 0,00 117.0
X ; "0.340 0.00 107.0
6.0 0.000 ’ .0.00 186.0
' . - 0,010 175.56 242.9
- 0.050 178.61 . 244.8
0.090 162.14 245.3 -
0.130 133.51 238,9
0,170 - 104.31 . 227.4
0.210 _ 71.50 . 215.8
0.250 37.41 198.0
0.290 . - 0.00 181,0
0.330 : 0.00 160.0
. - 0.370 J9.00  141.0
"0.410 0.00 125.0
. . - 0.450 0.00 . 114.0
‘8.0 0.000 - 0.00 161.0
. 0,010 : 117.82 201,2
0.060 - 124,96 202.0
0.110 114.66  203.2
) . ,~  0.160 . 98,32 200.5
.- , . 0.210 81.53 188.9
.~ 0.310 36.86 179.0
_0.360- . 0.00 154.0
K : T 0.460 _ 0.00 142.0
: 0.510 . 0.00 " 126.0
0.560 ] ] 0.00 116.0
0.610 o 0.00 107.0
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Téble 9.9.5 (continued)

Radial Position Distance Above Velocity Tempera-
(nozzle diameters) Plate (inches) {(ft./sec.) ture ( F)

10.0 . 0.000 0.00 148.0

: 0.010 94,99 177.5

0.070 95.06 178.5

0.130 95.78 177.5

0.190 90.05 176.6

0.250 80.05 171.7

0.310 - 68.68 164.8

0.370 52,59 156.9

0.430 39.68 147.0

0.490 26,53 137.0

0.550 11.76 127.0

0.610 ) 0.00 117.0

" Run 9 (D=0.250 inches)

Radial Position Distance Above - Velocity Tempera-
(nozzle diameters) Plate (inches) (ft./sec.) ture (OF)
4.0 ’ 0.000 0.00 233.0
- 0.010 - 350.92 331.9
0.040 319,48 332.6
0.070 » 249.44 314.4
0.100 179.02 290.9
0.130 - ©110.19 263.3
0.160 ’ - 65.68 230.8
i 0.190 - 28,07 197.0
_ 0.220 - 0.00 166,0
0.250 ’ 0.00 144.0
0.280 0.00 123.0
, 0.310 10.00 110.0
6.0 0.000 0.00 195.0
= ' 0.010 240.18 265.9
© 0.045 234,06 266.1
0.080 208.53 259.0
0.115 158.78 246,.3
0.150 107.82 232.3
0.185 56.75 210.9
0.220 0.00 181.0
0.255 0.00 163.0

0.290 _ 0.00 134.0
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Table 9.9.5 (continued) -

Radial Position Distance Above Velocity Tempera-
(nozzle diameters) Plate (inphes) (ft./sec.) ture (°F)
. 0.325 ) ) 0.00 117.0
0.360 0.00 104.0
8.0 0.000 - 0.00 169.0
0.010 166,99 214.1
0.050 163.61 218.2
0.090 A -141.85 217.7
T : 0.130 112,90 213.2
: 0.170 75.64 202.7
0.210 45.05 190.9
0.250 0.00 175.0
0.290 0.00 156.0
0.330 - 0.00 - 139.0
0.370 0.00 - 127.0
0.410 ~0.00 113.0
0.450 0.00 103.0
10.0 0.000 : 0.00 150.0
0.010 I 122.03 188.1
0.060 - 124,73 190.0
0.110 109.95 187.3
0.160 86.71 180.6
0.210 ) 62.74 171.8
0.260 36.62 162.0
0.310 0.00 146.0
0.360 0.00 133.0
0.410 0.00 120.0
i - 0.460 0.00 109.0

0.510. i : 0.00 ~102,0

Run 10 (D=0.250 inches)

Radial Position Distance Above Velocity Tempera-

(nozzle diameters) Plate (inches) (ft./sec.}) ture (F)
4.0 ' 0,000 - " 0.00 184.0
0.010 319.94 249.4
0.040 300.27 243.4
0.070 238.19 228.9
0.100 , 169.90 214.1
3 0.130 109,91 191.3
] 0.160 . 67.18 167.8

;
:
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3
E
3
3
i
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Table 9.9.5 (continued)
Radial Position Distance Above Velocity Tempera-
(nozzle diameters) Platgr(inches) {(ft./sec.) ture (OF)
0.190 31.36 146.0
0.220 0.00 127.0
0.250 0.00 110.0
0.280 0.00 100.0
6.0 0.000 - 0.00 160.0
0.010 221.80 212.5
0.040 221.98 207.5
0,070 198.20 204.3
0.100 160.90 194.3
0.130 119.41 181.1
0.160 76.36 168.7
0.190 37.63 151.0
0.220 0.00 130.0
0.250 0.00 116.0
0.280 0.00 103.0
8.0 0.000 0.00 140.0
0.010 151.91 ©175.5
0.050 161.91 176.3
0.090 147.54 171.6
0.130 123.95 166.0
- . 0,170 94,18 157.5
0.210 62.75 146.8
0.250 33.24, 136.0
0.290 0.00 - 123,0
" 0.330 0.00 110.0
0.370 0.00 100.0
0.410 ~ 0.00 97.0 .
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